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WELCOME  ADDRESS 

Professor  M  Trella 

ESA  Technical  Director  &  Director  of  ESTEC,  Noordwijk.  7  he  Netherlands 


I  am  very  pleased  tx>  we  leone  you  to  this  first 
ESliX^  Synposium  on  Spacecraft  Materials.  We 
would  like  to  consider  it  an  opportunity  to 
ociipare  our  understanding,  our  knowledge  and  our 
experience,  and  we  hope  also  as  a  soiree  of 
future  contacts,  because  the  topic  with  which 
we  are  going  to  be  involved  for  the  next  three 
and  a  half  days  is  growing  more  rapidly  in 
importance  than  we  all  could  have  expected. 

Ihis,  in  cembination  with  the  increasing  number 
of  new  missions,  was  really  the  reason  why  we 
have  taken  the  initiative  to  organise  tors 
Symposium;  in  addition,  one  of  the  major 
functions  that  we  in  ESTEC  have  is  specifically 
that  of  providing  support  to  the  Agency's 
projects.  We  have  perhaps  therefore  became 
aware  of  the  increasing  iirportance  of  the  mater 
ials  prcblans  more  quickly  because  of  tliese 
considerations.  It  is  not  at  all  a  shiple  task 
to  find  the  necessary  solutions,  because  space 
■  materials  have  grown  to  the  point  of  becciTMg 
an  iiTportant  new  branch  in  materials  technology, 
a  branch  for  vhich  vhen  we  started  our  studies, 
there  was  virtually  no  literature.  We  liad  to 
strive  ourselves  to  achieve  an  understanding  *  ^ 
unravel  the  chanical/physical  pVienancna,  llie 
influence  of  particular  parameters,  and  tlic 
beliaviour  of  particular  materials. 

We  have  been  faced  in  our  projects  with  a  nurd^ 
of  surprises,  and  unforeseen  phenomna  that  have 
proved  extremely  difficult  to  master,  for  the 
simple  reason  that  we  have  no  post-launch  access 
to  the  materials.  This  is  a  burden  that  we  c^ 
hardly  carry  alone,  since  it  requires  an  effort 
that  is  far  beyond  our  in-house  capacity. 

In  the  last  12-13  years,  we  have  however 
ac'cailrcd  some  understanding  of  this  field 
and  accumulated  a  number  of  iitportant  results. 

We  therefore  believe  that  we  can  contribute 
semething  to  this  exchange  of  views  and  we  hope 
to  foster  a  spirit  of  mutual  co-operation  in  the 
coning  days.  In  this  connection,  I  am  very 
pleased  to  see  so  many  specialists  here  in  our 
midst,  coning  not  only  fron  our  European 
ies,  but  also  fron  the  United  States  and  Canada. 

Among  the  eight  sessions  that  will  occupy  the 
next  three  and  a  half  days,  session  I  has  been 
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devoted  especially  to  investigation  cmd  analysis 
nethods  for  materials  bdiaviour ,  and  emother  ms 
been  focussed  on  the  effects  of  materials  on  the 
space  enviroiment;  sessions  VI  and  VII  will  d^l 
with  the  effects  of  environment  of  the  materials, 
vhile  session  VIII  is  devoted  to  particular 
materials  for  specific  applications. 

in  selecting  the  papers  we  have  toied  ^  allow 
sufficient  time  for  a  cotprehensive  exc^ge  of 

views  during  the  discussion  peri^  which,  I 

think,  will  play  an  essential  role  in  making  this 
meeting  a  particularly  fruitful  one. 

On  the  basis  of  the  quality  and  size  of  the 
attendance,  I  really  believe  that  ^  Wgh 
expectations  will  not  be  disappointed,  ^d  I  wish 
you  all  every  success  in  your  deliberations. 
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OPENING  ADDRESS 


A  Remondiere 


Depul  y  Maimier  of  the  Toulouse  Space  Centre 
Head  of  Projects  and  Technical  Research.  CNES.  Toulouse.  France 


The  last  Synposium  dealing  vdth  toterials  for 
Space  needs  was  organised  in 
axri  DERTS,  five  years  ago,  in  19^-  I 

raoetriber  this  Synposium,  v*iich 

toqether  many  attendees  from  a  number  of  countries. 

nesting  of  its  ki:^  in  Etoope  and 
many  of  those  lectures  showed  how  interesting 
were  the  theoretical  studies,  the  sumlation 
techniques,  laboratory  tests  and  in-f light 
ments,^^  highlighted  the  amcunt  of  work  sUll 
outstanding. 

The  first  Syniposium  demonstrated  the  high 
of  expertise  being  developed  in  At  the 

same  time,  an  event  that  certainly  stuck  in  ^ 
minis  of  many  people  at  that  J*® 

nwie  about  Skylab,  showing  s(TO 
results  concerning  ccaitanunation  phen^na.  The 
cxitparison  between  the  models  prepared  by  U.S. 
engi^s  and  these  in-flight  results  was,  I 
remEnber,  particularly  interesting. 

During  tte  same  wedc,  the  Toulou^  S^sium  dealt 
with  materials  for  spacecraft  and  materials 
semiconiuctors.  It  was  perhaps  too  broad 
prcblems  were  too  different.  I  think  it  a  9^ 

Sea  that  this  new  Symposium  restricts  itself  to 
the  single  topic  of  •Materi.als  f^  ^^^^rrft 
I  have  read  both  the  prograittne  and  the  abstoacts, 
and  I  think  this  Syrrposium  looks  very  premising. 

I  would  like  to  underline  how  the  need  for  an 
effort  on  Materials  for  Spacecraft  has  increased 
in  Europe  between  the  two  Symposia,  by  looking 
for  ex^le  at  the  following  missions  b^g  consi 
dered  durir^  the  last  year  in  Europe,  and  the 
corresponding  problems  : 

Low  t'arth  Ovbit 

-  Offgassing  and  toxicity  problems  witl^  materials 
used  iu  the  Spacelab  crew  continent. 

-  Contamination  anu  its  disturbing 

properties  of  optical  surfaces  in  the  c  .  j 

^tTobservation  satellites  (French  SPOT  Pioiecf 

(JcosynchroFiouc  Orbit 

-  Following  the  first  ^ope^  f  , 

satellites,  like  Synphonie  (F  +  FRG)  and  Oib  , 

the  required  operational  lifetimes 
S^^^tellfoes  will  increase  frm  3-5  years  to 
7-10  years,  a  requiretnant  that  involves  . 


-  stability  to  vacuum  and  radiation  environment, 

-  low  outgassing, 

~  reduced  electrostatic  charging  effects. 

We  must  also  take  note  of  the  increasing  tr^d  in 
installed  power,  v^iich  introduces  new  problms  for 
thermal  control . 

Aside  from  the  teleccmuurdcations  missions,  there 
are  meteorological  satellites,  such  as  Met^sat, 
and  their  need  for  cleanliness,  particularly  for 
the  infrared  cliannels. 

PUxnotary  rniiictonG 

An  example  of  this  kind  of  mission  is  the  Inter¬ 
national  Solar  Polar  Mission  (ISPM) .  The  cons¬ 
traints  are  considerable  ;  broad  range  of  tan[\pera- 
tures,  exposure  to  ve^  high  levels  of  radiation 
during  the  Jupiter  swing-by,  etc. 

The  need  is  always  the  same  : 

-  to  find  the  right  material  for  a  given  use, 

-  to  obtain  good  confidence  in  the  material 
performances  by  test  and  simulation, 

-  to  ensure  that  the  spacecraft  is  built  according 
to  specification  and  with  space  qualified 
materials,  and 

-  to  extract  all  possible  information  from 
successes  and  frou  failures. 

Meeting  this  need  involves  a  large  endeavour. 

That  is  why  I  must  underline  the  necessity  of 
cooperation  between  the  different  countries. 

By  coordinating  activities,  and  by  examining  the 
results  together^  it  will  )xe  possible  to  achieve 
irrproved  efficiency. 

Taking  in  .iccount  the  increatiuig  '"'I , 
the  materials  Ix^bavlour  V/.Ui  for  l.h<-  / 

and  the  availability  of  andications  sa  .ell  lU  .. 
and  for  the  success  of  sciontif k-  ^ 

missions,  I  think  that  we  might 
meet  again  sooner  than  five  years  hence,  three 
seem  to  me  to  te  a  good  ccmprcmise. 

I  wish  the  Symposium  every  success,  and  I  hope  t^t 
all  the  participants  will  find  it  interesting  an 
worthwhile . 


I>nnvc,limis  nfan  hS.'t  Synwsinm  on  Mouriols.  liM  nl 
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XIII 


INTRODUCTION 


J  Dauphin 


Head  of  Materials  Section.  Product  Assurance  Division 
ESAjESTEC.  Noordwijk,  The  Netherlands 


SCME  THCOGHTS  ABCOT  MATEKEAIB  FOR  SPfiCE 

Mai-prials  Dollcv  has  aterged  with  difficulty  over 
^storrof%«ce  activities.  In  the 
SlcSraf?^were  nede  utilizing  existing  t^lo- 
aies  and  the  need  of  a  special  approach  to 
Materials  was  not  recognized.  Such  an  attitude  can 
be  traced  to  several  reasons  : 

-  The  only  strict  requiranent  for  materials  ras 
STt^Lss  and  this  was  already  dealt  with^ 
many  industries,  particularly  aeronautics.  The 
knowledge  of  vacuum  effects  wdlit^^^, 
that  of  radiation  forgotten  and  the  others 
unknown. 

-  industry  normally  tends  to  favom:  the  u*  of 
well-known  technology  and  is  reluctant  to 
innovate  particularly  for  a  one  of  its  sort 
item. 

-  Project  itenagers  are  also  rather  conse^ative 
and  can  be  driven  to  adopt  new  approaches  only 
if  old  ones  are  shewn  to  be  inadequate. 

-  There  is  a  lack  of  incentive,  when  c^^  to 
the  mass  production  industry,  to  avoid  firstly 
over  designing  with  consequent  OTStincr^^s, 
and  secondly,  failures  after  production  wWch 
are  ej^onsive  to  repair  and  lead  to  damaged 
reputations . 

Over  a  long  period  an  evolution  . 

towards  a  more  professional  approach  to  material 
problems  due  mainly  to  the  more  strident 
reouirements  put  on  space  hardware  and  to  the 
science  geSied  Uirough  failures  during  tests  or 
^Sio^.  It  is  now  normal  practice  that  these 
probiatis  are  dealt  with  by  specialists  right  frem 
the  very  beginning  of  a  project  and  teve  a  sizeable 
influence  in  the  trade-offs  to  be  made. 

We  even  arrive  at  a  point  in  tiite  where  the  avai¬ 
lability  or  not  of  a  material  with  a  given  set  of 
properties  can  determine  the  ° 

a  aiven  spacecraft  ;  two  exanples  of  future 
missions  Itudied  by  NASA  and  ESA  can  be  given  to 


illustrate  this,  the  "solar  sail"  vWch  retires 
the  existence  of  large  quantities  of  extremely 
thin  film  with  special 

ties  and  the  "solar  probe"  v*ach  depends  for  its 
survival  of  the  availability  of  materials  cap^le 
of  screening  out  the  infernal  taiperature  of  the 
sun’s  corona. 

The  large  space  structures  which  are  new  leaving 
the  dcrain  of  science  fiction  to  enter,  tte 
near  future,  our  day  to  day  life  will  no  d^t 
also  be  the  source  of  exciting  new  materials 
problems. 

In  this  sense  there  is  a  bright  future  for  Space 
Materials  Specialists  except  if  tee  crisis 

prevents  our  civilization  expanding  further. 

Let  us  now  review  sate  of  tee  steps  t^ite  should  be 
followed  to  ensure  that  materials  and  thete 
associated  processes  will  be  , 

requiretents  of  a  given  mission.  This  t^  of 
"^ilosphical  lecture"  is.  in  general,  tee  1^  of 
the  oldtiner  in  an  assentoly.  I  hope  I  still  ^  not 
look  quite  like  that  but  having  been  a^t  15 
years^aged  in  this  space  materials  business,  I 

Start  feeling  like  that. 


DEFINITION  OF  NEEDS 

Ideally  the  description  of  each  item  to  be  built 
should  contain  a  section  covering  ^  ^ 

roents  to  be  put  on  materials,  i.e.  ^ef^  tte 
or  few  critical  properties  ^ 

selection  criteria  for  this  specific 
There  is  no  need  to  accunulate  large  detail^ 
5^!fiLSons,  frequently  copi^  .naSVg 

series,  if  it's  only  for  the  sake  of  having  paper 
work  to  show  :  How  many  times  we  see  m  a 
criterium  for  space  materials,  ^  ^3^ 

SfJdSlete  Siofofuv'^adation  and/or 

uS  for  mtos  lo  the  trtplcel  Wl.: 
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reluctantly,  regretted  deeply  and  not  repeated... 
if  possible.  A  waiver  granted  for  a  given  appli¬ 
cation  in  a  given  project  is  not  necessarily 
justified  -  and  in  many  cases  it  is  just  the 
contrary  -  in  another  context. 

In  the  case  of  off-the-shelf  equipment  it  is 
frequent  that  materials  control  becones  inpracti- 
cal,  the  cost  implied  by  changes  would  negate  the 
advantage  of  having  a  standard  item. . .  The  only 
way  out  of  tliis  problem  is  to  c^ualify  at  the  equip¬ 
ment  level  but  remembering  always  that  not  only 
the  item  must:  fulf.ill.  Its  function  in  the  relevanl 
environment  but  also,  anci  even  not.  disturb 

other  functions  in  the  spacecraft.  Materials 
present  in  a  so  qualified  equit^ment  do  not  become 
qualified  individually  by  this  method  and  their 
use  in  any  other  case  must  be  assessed. 


It.  is  evident  that  accumulated  experience  in  the 
task  of  defining  the  properties  required  and 
analogy  in  material  functions  must  be  used  to 
reduce  the  number  of  cases  to  be  studied.  The 
most  difficult  part  is  often  to  define  the 
environment  and  its  possible  effects  since  many 
paraneters  have  to  be  considered,  some  of  them 
being  coirpletely  or  partially  unknown.  In  this 
case  safety  factors  must  be  allocated  but,  this 
should  not  lead  to  gross  f^rdeslgn.  bnvi  roim-nt  s 
U  if  ore  launch,  i.e.  during  nunufacturo,  ti'st, 
l.rans]x).H.at.ion,  must  also  be  a^nsldorcxl.  Anc:)ther 
inijxutant  asfiec’t  to  U'  analysed  in  defining 
materials  r(X|uirGHKint.s  ai'e  the  Lnterlat.x's  : 
couples  of  materials  in  contact,  EIVIC  sjx'cifica- 
tions,  influence  of  test  levels,  cleanliness 
requirements,  etc. 

In  summary,  materials  requirements  must  come  from 
an  evaluation  of  their  functions,  their  environ¬ 
ments  and  their  interfaces. 

SELECTION,  QUALIFICATION  AND  PRCXTJRHmTT 

When  a  space  project  is  starting,  it  is  generally 
too  late  to  think  of  any  new  materials  develop¬ 
ment.  At  best  it  will  be  possible  to  modify 
slightly  sane  existing  materials  for  the  purpose. 
Incidentally  this  proves  that  research  on  new 
iTBterials  should  be  triggered  well  in  advance  with 
some  kind  of  prophetic  view  over  the  needs  of 
future  projects.  Materials  specialists  are  there¬ 
fore  bound  to  use  what  exists  on  the  coimercial 
market  and  here  lies  the  difficulty  since  up  to 
now  and  for  the  forseeable  future  space  is  not  a 
very  exciting  market  for  materials  producers  : 
the  quantities  used  are  measured  at  best  in  Kg  and 
not  in  tons  or  tens  of  tons  as  they  would  like I 
It  is  true  that  some  "advanced"  materials  are 
made  available  and  sometimes  become  indispensable 
for  space  use  but  at  a  high  cost  and  at  a  risk 
of  withdrawal  from  the  market  without  warning  ; 
these  are  the  prices  to  pay  for  our  low  consump¬ 
tion,  In  general,  the  materials  specialists  will 
be  faced  with  the  task  of  selecting  commercial 
material  to  suit  the  designer's  aims.  There  now 
exist  a  number  of  guidelines  to  help  him  in  such 
a  task  and  also  batteries  of  screening  tests 
which  are  fully  specified.  The  existence  of  past 
experience  is  useful  but  should  not  lead  to 
excessive  conservatism,  it  is  partly  the  duty  of 
the  Material  Specialist  to  promote  tlie  use  of  new 
2ind  more  efficient  materials.  If  nothing  of  this 
kind  had  been  done  in  the  past,  we  would  still  be 
cutting  flinstones  in  the  V^zere  Valley... 

Another  snag  is  the  "Qualification" ...  In  the 
space  world,  this  can  mean  anything  between  the 
evidence  of  good  perfornence  with  past  spacecraft 
and  the  corridor  rumour  heard  during  the  last 
trip  to  NASA. . .  A  good  practice  would  be  never  to 
use  the  word  "Qualified"  alone  but  say  or  write 
"Qualified  by  such  or  such  authority  for  such  or 
such  application"  and  always  give  a  dated 
reference.  It  is  not  evident  that  a  material 
qualified  by  Peugeot  in  1926  to  make  bicycles  is 
applicable  to  an  X-ray  detector  in  EXOSAT... 

There  is  also  an  art  in  tlie  granting  of  a  waiver; 
a  waiver  is  the  proof,  like  a  sin,  that  the  world 
is  not  perfect-and  as  such  will  occur  often  in 
every  project-but  like  a  sin,  it  must  be  canmitted 


MANUFACTURE  AND  QUALITY  CONTROL 

Mass  production  over  the  last  decade  has  seen  the 
institution  of  stricter  quality  control;  rules 
have  been  fixed;  detailed  procedures  of  manufac¬ 
ture  and  inspection  evolved...  I  am,  however, 
convinced  that  all  this,  which  is  implemented  in 
our  contractor's  premises  for  their  main  produc¬ 
tions  should  not  be  applied  directly  and  blindly 
to  space  hardware.  The  production  we  are  interes¬ 
ted  in,  is  of  limited  quantity  and  realized  over 
a  relatively  short  time  span.  The  environment  that 
the  hardware  will  have  to  endure  is  not  necessarily 
more  demanding  than  in  many  giround  applications 
but  is  certainly  very  different  and  well-known 
classical  specifications  may  not  be  adequate. 

We  certainly  need  a  good  documentation  for  making 
space  hardware  but  this  must  be  specific. 

Concerning  materials  the  main  areas  to  be  covered 
are  Incoming  Control,  Storage  and  Life  Control, 
implication  Processes.  Anyway,  even  with  the  best 
documentation,  the  quality  of  the  product  will 
depend  on  the  availability  of  skilled,  well- 
trained  staff  in  the  production  as  well  as  in  the 
inspection  area.  This  staff  must  be  indoctrinated 
towards  high  quality  production  and  must  receive 
corresponding  incentives;  he  must  understand  fully 
what  he  is  doing  and  the  underlying  reasons.  This 
is  particularly  true  in  the  area  of  cleanliness 
control  where  self-discipline  from  the  staff  is  the 
only  way  to  ensure  a  really  clean  product.  I  read 
sonewhere  that  "The  Watchmakers  of  the  XVIIIth. 
century  had  no  clean  room, . .  but  they  produced 
perfectly  clean  movements",  I  could  add  that  they 
probably  did  not  even  have  written  procedures ' . 


FAILURES  AND  FEEDBACK  OF  EXPERIENCE 

« 

V>lhatever  we  do  to  ensure  very  high  quality 

production  we  will  encouiiter  failures  and  sore  of 

them  will  be  caused  by  materials.  In  this  case 

the  most  remarka).')le  is  the  burst  of  panic  which 

occurs  in  the  concerned  project.  This  is  under-  • 

standable  but  this  state  of  ixinic  should  noi:  be 

followed  by  Materials  Sf^ecialists. . .  You  would 

not  like  to  see  the  doctors  and  nurses  get  into 

panic  at  a  road  accident! 

The  first  need,  and  this  is  still  far  from  being 
always  realized,  is  that  the  failure  be  properly 
documented  (circumstances,  environment,  value  of  ^ 
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physical  paraineters . . . )  and  that  sanple  (s)  of 
the  failed  itoii  reaches  a  corrpetent  and 
experienced  analyst.  In  most  cases  he/she  will  be 
able  to  trace  the  cause  of  failure  and  reconmend 
a  recovery  action  if  it  is  at  all  possible. 
Renem^r  however  that/ an  ad-hoc  fix  is  not  a 
qualified  procedure  fpr  the  future,  even  if  it 
works ! 

In  the  materials  area,  luckily  enough,  failures 
are  generally  detected  during  tests  on  the  ground 
before  the  mission  ooirmences  and  this  permits  a 
thorough  analysis  to  be  done.  Experience  in  the 
utilization  of  materials  is  therefore  growing  and 
avoidance  of  similar  errors  on  subsequent  projects 
possible.  Where  a  failure  occurs  in  space  its 
analysis  is  far  more  conplicated  particularly 
v^n  it  is  not  a  go/no-go  failure  but  a  mere 
degradation  of  performance.  The  housekeeping 
instrumentation  on  board  is  frequently  insuffi¬ 
cient  to  allow  an  unequivocal  determination  of 
the  cause.  In  addition,  I  must  stress  that  the 
feedback  from  flying  spacecraft  rarely  reaches 
the  materials  specialists.  Irrprovements  in  that 
area  would  be  welcome. 


I  CDNCnUSJONS 

This,  I  hope,  W^ll  be  a  fair  introciucl  ion  for  the 
coming  symposium  where  several  specialists  will 
now  give  you  more  detailed  views  on  the  different 
materials  problems  tpey  meet.  I  want,  however, 
to  explain  why  we  excluded  seme  areas  of 
Materials  Science  an  Technology  fron  our  program¬ 
me.  This  is  not  "racism”...  In  the  area  of 
semi-conducting  materials  we  expect  the  conponent 
industry  to  be  in  a  better  position  than  us  to 
solve  their  materials  problems  and  we  count  on 
^'oxa:  colleagues  working  in  the  Space  Electronic 
Cenponents  to  assess  the  performances  of  what  is 
proposed  on  the  market.  In  the  area  of 
Launchers  there  are  also  lots  of  interesting 
materials...  but  rather  far  away  frem  the  ones 
we  meet  vhen  making  spacecraft.  Up  to  now  the 
launchers  are  not  staying  for  long  time  in  s^ce, 
and  we  can  consider  them  only  as  transportation 
vehicles  for  our  hardware...  However  with  the 
advent  of  the  Shuttle  times  are  changing!  The 
area  of  Materials  Physics  in  Space  has  been  a 
pet  subject  over  the  last  few  years,  for  the 
mcment  it  has  l:)een  mainly  orientec^  at  trying  to 
fabricate  in  r.pc\ce  materials  for  ground  use... 
which  is  exactly  the  reverse  of  what  concerns  us. 
But  here  again  the  times  are  changing  and  manu 
facture  of  large  space  structures  in  space  could 
becone  an  active  area  for  the  future  technologist. 


We  will  keep  that  in  mind  for  the  next 
event. . .  and  in  the  meantime  wish  you  all  a 
fruitful  synposium. 
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OFFGASSING  AND  ODOUR  TESTS  OF  NON-METALLIC  MATERIALS 


FOR  SPACE  CABINS 


W  R  Eckert 

NA  TEC  -  Institut  fur  Naturwissenschaftlich-Technische  Dienste  GmbH ,  Hamburg .  Germany 


abstract 

Th«  description  of  test  methods  for  non- 
metallic  materials  to  be  used  in  the  con¬ 
struction  of  space  cabins  is  presented.  The 
Offgassing  Test  Involves  heating  a  sample  in 
an  enclosed  chamber.  A  sample  of  the  atmo- 
sphere  surrounding  the  material  under  test  is 
taken  for  analysis.  The  analysis  is  performed 
by  gas  chromatography  and  combined  gas  chroraa- 
tography/mass  spectrometry.  The  purpose  of 
this  test  and  the  also  described  Odour  Tost 
is  to  provide  details  of  trace  contaminants 
released  into  the  atmosphere  by  materials 
such  that  an  assessment  can  be  made  with  re¬ 
spect  to  safety  hazards  Involved  in  the  use 
of  such  materials. 


Keywords:  Offgassing  Test,  Odour  Test, 
Non-metallic  Materials,  Space  Cabins, 
Analysis  of  Contaminants,  Gas  Chromatography 


1,  INTRODUCTION 

One  of  the  many  testa  imposed  on  materials 
proposed  for  use  in  the  construction  of 
Spacolab  and  Spacelab  Experiments  is  the 
Offgassing  Tost.  This  test  involves  heating 
a  sample  in  an  enclosed  chamber  at  a  pre¬ 
determined  temperature  (usually  50®C)  for  a 
period  of  72  hours.  After  this  time  the 
chamber  is  allowed  to  cool  to  room  temperature 
and  a  sample  of  the  atmosphere  surrounding 
the  material  under  test  is  taken  for  analysis. 
The  analysis,  which  involves  the  use  of  gas 
chromatography  and  combined  gas  chromato¬ 
graphy/mass  spectrometry  is  required  to 
quantitatively  identify  all  contaminants 
present  in  concentrations  above  a  certain 
defined  level.  The  purpose  of  this  test  is 
to  provide  details  of  trace  contaminants  re¬ 
leased  into  the  atmosphere  by  materials  such 
that  an  assessment  can  be  made  with  respect 
to  safety  hazards  involved  In  the  use  of 
such  materials. 


2.  OFFGASSING  TEST 

The  test  chamber  with  a  volume  of  2.6  1  is 
made  out  of  glass.  The  lid  of  the  chamber  has 
three  ground  glass  joints,  one  each  for  a 
transducer,  a  stop  cock,  and  a  sampling 
septum.  Lid  and  chamber  will  fit  together  by 
faceground  joints  with  an  0-ring  of  Viton  in 
between.  Six  clamps  press  the  lid  onto  the 
chamber. 

The  transducer  measures  the  pressure  and 
temperature  inside  the  test  chamber.  The  ^ 
accuracy  of  the  transducer  is  ^  0.05  kp/cm 
and  +  1®C.  Pressure  and  temperature  of  the 
test“‘chamber  are  recorded  by  an  electronic 
12-point  printer. 

The  chambers  were  leak  checked  at  65®^ 
during  24  hours,  as  well  as  at  room  tem¬ 
perature  at  a  pressure  of  10  Torr  during  24 
hours.  The  pressure-values  of  both  tests  did 
not  change  more  than  10  Torr .  In  order  to 
verify  that  no  gases  occur  in  the  chamber 
during  heating,  the  chamber  was  cooled  to 
room  temperature  and  a  sample  of  air  was 
taken  and  analysed.  Total  organics  and 
carbonmonoxido  did  not  occur  in  detectable 
amounts. 

The  sample  under  investigation  is  placed  into 
a  test  chamber  and  the  chamber  connected  to 
the  gas  rack.  The  gas  rack  consists  of  a  tube 
with  four  adaptors  to  connect  four  test 
chambers.  Both  ends  of  the  tube  are  fitted 
with  valves.  One  end  is  connected  via  a  13  X 
molecular  sieve  cartridge  to  a  cylinder  with 
test  atmosphere,  while  the  other  end  is  con¬ 
nected  via  a  liquid  nitrogen  trap  to  a 
vacuum  pump  capable  of  producing  less  than 
10  Torr  in  the  test  chamber.  Evacuation  of 
4  chambers  simultaneously  is  accomplished  in 
less  than  10  minutes. 

After  evacuating  to  10  Torr  or  less,  the  test 
chamber  is  pressurized  to  690  Torr  with  a 
test  atmosphere  having  the  following  com¬ 
position: 

23.8  %  oxygen,  purity  >  99-998  ^ 

76.2  %  nitrogen,  purity  >  99-9992  % 

<0.05%  vpm  carbonmonoxi d 
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The  chamber  is  now  exposed  in  an  oven  to  a 
temperature  of  50®C  for  a  time  period  of  72 
hours,  allowing  time  for  initial  warm  up. 

Up  to  6  test  chambers  fit  into  the  oven. 

The  test  temperature  is  reached  after  2  hours. 
The  temperature  of  the  oven  is  measured  with  a 
thermometer  and  proved  to  be  well  regulated 
(50.0®C  ^  0.5®C) •  Following  the  isothermal 
exposure,  the  test  chamber  is  allowed  to  re¬ 
turn  to  room  temperature  and  then  removed 
■from  the  oven.  The  test  chamber  is  pressur¬ 
ized  on  the  gas  rack  to  ambient  atmospheric 
pressure  with  test  gas.  Then  a  know  volume  of 
the  atmosphere  surrounding  the  material  under 
test  is  taken  for  analysis. 

The  separation  of  carbonmonoxide ,  methane, 
and  total  organics  is  performed  by  a  first 
injection  into  the  gas  chromatograph.  There 
are  three  columns  connected  by  means  of  a 
six-port  valve.  The  first  column  Is  packed 
with  activated  aluminiumoxide .  It  separates 
methane  and  carbonmonoxide  from  organics 
with  two  or  more  carbon  atoms  whereby  the 
latter  are  held  back.  The  second  column  is 
packed  with  molecular  sieve  13  X.  It  se¬ 
parates  methane  from  carbonmonoxide.  The 
third  column  is  packed  with  a  nickel-catalyst 
which  reduces  carbonmonoxide  to  methane. 

After  this  methane  and  carbonmonoxide  (as 
methane)  are  detected  by  the  flame  ionization 
detector.  Once  methane  and  carbonmonoxide 
have  been  eluted  from  the  columns,  the  total 
organics  with  two  or  more  carbon  atoms  are 
back-flushed  from  the  first  column,  and 
eluted  towards  the  detector  and  calculated 
as  pentane  equivalents.  Taking  a  1-ml  gas 
sample  out  of  a  2.6  1  test  chamber  with  a 
10-g  test  sample  the  following  detection  li¬ 
mits  can  be  achieved t 

0.3  Jio/o  carbonmonoxide 

O.OBpg/g  pentane  equivalents 

The  separation  of  the  total  organics  into  the 
different  components  is  performed  on  a  second 
gas  sample  using  a  column  packed  with  Porapak 
Q.  The  calculation  as  pentane  equivalents  of 
each  component  is  done  in  the  same  manner  as 
for  the  total  organics. 

Certain  criteria  of  acceptability  are 
established] 

a)  The  maximum  level  of  carbon  monoxide  in 
the  tested  configuration  shall  not  ex¬ 
ceed  23  ^g  por  g  of  sample. 

b)  The  maximum  level  of  total  organics  in 
the  tested  configuration  shall  not  ex¬ 
ceed  100  pg  per  g  of  sample. 

All  offgassing  components  exceeding  10  pg 
per  g  must  be  identified  using  the  gas  chro¬ 
matograph/mass  spectrometer  combination. 


3.  ODOUR  TEST 

Gaseous  contaminants  given  off  by  materials 
having  passed  the  above  mentioned  test  can 
still  create  nauseating  and  irritating 
odours*  The  purpose  of  the  Odour  Test  is  to 
determine  the  odour  characteristics  of  ma¬ 
terials  proposed  for  use  in  the  construction 
of  space  cabins.  A  specially  trained  pool  of 
personnel  exists.  Each  member  of  the  pool  is 
capable  of  detecting  a  series  of  basic 
odours. 

A  panel  of  five  members  is  selected  from  the 
pool  for  odour  evaluations,  only  subjects  of 
good  health  becoming  members.  Members  of  the 
pool  shall  not  participate  on  the  panel  if 
their  sense  of  smell  is  affected  in  any 
manner  such  as  recent  smoking,  ingestion  of 
highly  flavoured  foods,  and  exposure  to  pun¬ 
gent  vapours. 

Odour  evaluation  on  sample  materials  must  be 
performed  in  a  room  actively  ventilated  and 
free  from  extraneous  odours* 

Each  of  the  five  members  of  the  panel  has  to 
Judge  individually  the  undiluted  atmosphere 
of  the  test  chamber. 


Criteria  of  acceptability  are  as  follows: 


Member  rati no 


Numerical  ratine 


Undetectable 


Barely  detectable  1 
Easily  detectable  2 
Objectionable  3 
Irritating  4 


A  total  score  of  23  or  leas  for  the  sum  of 
10  odour  evaluations  (3  panelists  x  2)  is 
passing;  a  total  score  above  23  fails  the 
materia  1 . 


THE  METALLURGICAL  EXAMINATION  OF  SPACECRAFT  MATERIALS  FAILURES 
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ABSTRACT 

Several  failure  analyses  performed  In  the  ESTLC 
metallurc^ical  laboratories  are  summarised  in 
this  paper.  T'-\0  normal  techniques  applied  during 
these  evaluations  include  low  power  and  scanning 
electron  microscopy,  microprobe  analysis  and 
metallography.  Spacecraft  hardware  may  suffer  from 
all  the  clasalcal  metallurgical  failure  modes, 
such  as  fatigue,  stress  corrosion,  hydrogen 
embrittlement,  etc.,  but  metallic  particle 
contamination  has  also  proven  to  be  an  area  for 
concern. 

Small  compaunies,  which  do  not  employ  their  own 
mater ials^pecialists,  could  benefit  greatly  from 
advice  from  national  research  establishments. 

The  majority  of  problems  discussed  in  this  paper 
do  not  result  from  overload  or  underdesign  and 
*t  is  recommended  that  Review  Boards  convened  to 
assess  suspect  or  failed  hardware  do  not  bypass 
the  materials  laboratory.  Remedial  actions,  ^ased 
on  intuition  rather  than  hard  facts,  and  untested, 
last  minute  "improvements"  are  blessed  with  a  10 
failure  rat©  and  may  contribute  to  launch  delays. 


INTRODUCTION 

Analyses  of  spacecraft  failures  which  result 
from  mutallurglcQi  faults  generally  follow 
the  traditional  guidelines  applicable  to  all 
eng  inear ing  failuros.  Tho  Scanning  Electron 
Microscope  (SHM) ,  the  Energy-Dispersive  X-ray 
Analyser  (EDAX)  attached  to  the  SEM,  and  metal¬ 
lography  are  the  main  tools  used  by  the  Metal¬ 
lurgy  Group  of  the  ESTEC  Materials  Section. 

Failures  originating  from  shortcomings  in  design, 
choice  of  metal,  or  process  procedure,  may  occur 
during  spacecraft  fabrication,  assembly, 
integration  and  environmental  life  testing. 

The  failure  analysis  is  viewed  as  a  constructive 
task  intended  to  identify  failure  modes  and^ 
causes.  This  can  only  be  achieved  when  sufficient 
Information  is  available  about  the  history  of 
the  failed  part  since  its  manufacture.  Fortunately, 
the  higii  degree  of  surveillance  by  the  Product 
Assurance  teams  of  European  Space  Agency  (ESA) 
contractors  usually  enables  proper  documentation 
of  most  details  pertinent  to  a  failure.  A  know¬ 
ledge  of  tho  operating  stresses  and  environment  is 
of  great  help  in  the  diagnosis  of  a  failure 
mechaiiism. 

TIm'  in.Tjority  of  our  analyses  are  made  of  hard¬ 
ware  t:osted  at  oquipmont.  lcvt?l,  but  some  defective 
Items  also  originate  from  units  which  have  been 
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installed  on-board  engineering  or  qualification 
model  spacecraft.,  so  that  the  results  and  recom¬ 
mendations  can  be  fed  back  to  project  designers 
and  engineers.  This  procedure  will,  hopefully, 
eliminate  future  problems  with  flight  model 
spacecraft , 

The  classic  failure  modes,  e.g,  fatigue,  stress 
corrosion  cracking  and  overload,  have  been 
frequently  identified  during  the  past  ten  years  of 
our  laboratory  work.  The  object  of  this  paper  is 
to  outline  some  of  the  areas  of  concern  by 
summarising  several  case  histories  of  actual  space¬ 
craft  failures.  This  quasi  tutorial  review  may  also 
demonstrate  the  usefulness  of  the  SEM  and 
the  importance  of  microcroscopic  examination  of 
polished  samples  cut  from  failed  or  suspect 
components  (i.e.  metallography) 


Fig.  1  -  SUM  photograph  of  fatigue  striations  on 

tlio  fracture  surface  of  a  failed  satellite 
r.lructure  (Al  60Gl-T6‘31)  following 
vibration-testing.  Crack  propagation  is  in 
iiir(n:tlon  of  arrows  (from  test;  house 
n'port)  . 
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EXAMINATION  OF  FRACTURE  SURFACES 

The  failure  mode  of  spacecraft  materials  can 
often  be  assessed  by  detailed  examination  of 
the  fracture  surfaces.  The  Scanning  Electron 
Microscope  (SEM)  is  an  invaluable  tool  in  such 
failure  investigations  because  it  extends  both 
the  depth  of  field  and  the  magnification  obtain¬ 
able  by  conventional  light  microscopes.  Fracture 
surfaces  rarely  require  special  preparation  for 
SEM' inspection.  Only  when  thick  corrosion 
products  or  other  non-conductive  substances  are 
present  in  the  area  of  examination  will  a  thin 
layer  of  gold  be  applied  to  prevent  electrical 
charging  effects. 

Fractures  often  leave  characteristic  markings 
from  which  the  cause  of  a  component  failure  may 
be  quickly  deduced.  However,  for  accurate  identi¬ 
fication  of  failure  modes,  fractography  should 
always  be  followed  by  metallographic  examination. 

Fig.  1  details  the  fatigue  striations  as  seen  in 
the  SEM  on  the  failed  surface  of  a  satellite 
structure  following  vtbratton-tosting. 

The  fracture  path  is  perpendicular  to  the  stress 
axis  and  each  of  the  parallel  striations  has 
resulted  from  a  single  stress  cycle.  The  density 
of  the  striation  spacings  and  their  definition 
also  provide  information  about  the  loading 
conditions. 


Fici.  2(a)  highlights  the  appearance  of  typical 
stress  corrosion  cracks  found  in  a  high  strength 
aluminium  alloy  test  specimen  which  was  stressed 
to  75%  of  the  material’s  yield  point  and  then 
exposed  to  a  saiine  environment  for  80 
corrosion  pitting  was  observed  adjacent  to  this 
specimen's  surface.  A  stress  concentration  had 
developed  at  the  root  of  the  deepest  pit  and 
promoted  stress  corrosion  cracking  (SCO  along 
this  alloy's  rather  large  grain  boundaries. 

Fig.  2(b)  shows  the  characteristic,  very  small 
di^le  shapes  at  the  centre  of  the  specimen.  They 
result  from  tensile  overloading  and  the  ductile 


failure  of  the  alloy.  These  SCC  test  samples 
originate  from  part  of  the  test  programme  under¬ 
taken  to  qualify  the  SPACELAB  structure. 

The  overall  results  categorised  this  Al  2219- 
T  851  alloy,  includ.lng  its  v/eldments,  to  have 
a  high  resistance  to  SCC. 

disclosure  of  thermal  history  from  MICROSTRUCTURE 

Halfway  through  the  trial  firing  of  an  apogee 
boost  motor  (ABM) ,  the  outer  case  material  was 
observed  to  breach  and  fail  cata.strophically. 

An  anomaly  was  known  to  exist  in  the  ablative  ^ase- 
liner  which  separated  the  propellant  from  the  Ti-6A 
4V  case  material,  but  it  was  considered  important  to 
perform  o  metallurgical  failure  analysis  to  ensure 
that  no  local  defects  had  been  present  within 
the  titanium  alloy  case  before  rupture. 

Two  metal  samples  were  carefully  cut  from  the  case 
wall:  one  adjacent  to  the  failure  Initiation  site 
and  the  other  from  a  region  through  which  the  crack 
had  propagated.  The  fracture  surface  at  the  origin 
of  the  fracture  was  photographed  (arrowed  in  Fig. 

3a)  and  both  samples  were  then  mounted,  polished 
and  lightly  etched  in  a  solution  of  HF,  HNO^ 
and  water  to  reveal  the  material’s  microstructure. 

The  case-wall  thickness  is  clearly  seen  to  have 
necked  down  prior  to  failure-  Such  extreme 
ductility  of  this  particular  alloy  will^only  occur 
within  the  temperature  range  800  -  1000  C,  when 
it  is  known  to  undergo  superplastic  deformation. 

The  most  significant  observation  made  during 
this  examination  was  the  existence  of  two  markedly 
different  microstructures  within  the  failed  case 
material.  Well  away  from  the  rupture  initiation 
site,  the  microstructure  (Fig.  3b)  is  seen  to 
consist  of  the  typical  room  temperature  stable 
(a  +  3)  structure.  Hov/ever,  in  the  vicinity  of 
the  rupture,  a  wholly  martensitic  (ex')  structure 
exists  (Fig.  3c) .  The  ternary  phase  diagram  of 
this  alloy  dictates  that  it  is  necessary  for 
the  Ti-6Al-4V  composition  to  be  heated  to  a  temper- 
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Fig.  3a  -  origin  of  ABM  case  fracture. 


ature  between  910  and  1000°  C  for  the  (a  +  S) 
structure  to  transform  completely  into  the  single 
3  high  temperature  phase. 

The  partial  phase  diagram  of  this  alloy  system 
is  shown  in  Fig.  3d;  the  fully  6  ^ 

bv  location  ’A'.  The  microstructures  which  result 
from  heat-treating  this  alloy  in  various 
are  shown  schematically.  On  slow  cooling  from  the  b 
phase,  the  resultant  ambient  temperature 
structure  would  appear  as  a  mixture  of  martensite 
fa*)  and  primary  (a),  on  fast  cooling  to  ambient 
temperature,  the  6  phase  is  replaced  by  a  totally 
martensitic  (a)  structure. 

Phase  diagrams  are  the  metallurgist's  "blueprints". 
For  any  combination  of  metals,  a  characteristic 
form  of  phase  diagram  is  obtained.  For  instance, 
when  a  piece  of  polished  alloy  is 
a  microscope  and  then  heated  or  cooled  at  its 
equilibrium  rate,  the  observer  will  notice  "‘icro- 
Sructural  changes  which  may  include  phase  modi 
flcatlons  corresponding  to  the  alloy  s  p  a..e 
diagram.  In  practice,  alloys  are  rarely  cooled  at 
equilibrium  rate  and,  as  shown  in  Figs.  3b  and  3c, 
divergencies  from  the  conditions  indicated  by 
the  phase  diagram  are  frequently 

From  experience  and  consultation  of  other  dat  , 

e  g.  time-temperature-transformation  diagrams,  it 

is  possible  for  the  metallurgist  to  assess  "'Sta- 
staLe  structures  which  result  from  non-equilibrium 
cooling. 

Examination  of  the  failed  ABM  case  f  f 

there  were  no  defects  in  the  case  structure  and 
^7t\t  had  been  heat-treated  correctly.  However, 
as  a  result  of  abnormal  burning  of  the  propellan  , 


Fig  3b  -  Typical  microstructure  of  the 

2-pha3e  (a  +  6)  possessing  small  grain 

siv'.e. 


Fig.  3c  -  Microstructure  at  origin  of  fracture  is 
large  grain  and  fully  martensitic. 
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^  1-hP  T1-6R1-4V  system  and  schematic  representation  o£ 


a  hot  spot  occurred  in  the  case  and  reached 
a  temperature  of  800°  C.  This  caused  the  case  to 
plastically  deform  and  aggravate  the  liner 
The  microstructure  shown  in  Fig.  3o  illustrates 
that  the  rupture  initiation  site  must  have  reached 
a  temperature  of  approximately  1000  C  for 
the  (a  +  3)  to  transform  completely  into  3  phase. 
At  this  temperature,  the  case  initiated  a  pssure 
which  propagated  due  to  the  case's  internal  press¬ 
ures.  After  case  rupture,  the  hot  spot  must  have 
cooled  rapidly,  so  that  the  B  phase  fully  trans- 
fomld  inlo  tie  meta-stable  martensitic  structure. 

>n.r.u„MTraT.  DAMAGE  REVEAT.F.D  BY  MICROSTRUCTURE 

Fiq.  4a  shows  a  flexible  wave-guide  from  a  batch 
which,  at  final  inspection,  was  rejected  due  to 
the  occurrence  of  small  pin-holes  adjacent  to 
the  tube-to-flange  soldered  joints.  These  defec  .. 
were  visible  only  at  XIO  magnification.  The  tube 


material  was  solution-treated  beryllium  copper  and 
the  pin-holes  were  limited  to  the  first  two  tube 
convolutions. 

At  the  start  of  the  investigation,  two  reasons 
had  been  put  forward  by  the  wave -guide  manufact¬ 
urer:  first,  the  tubes  had  been  supplied  with 
drawing  defects  which  had  opened  out  by  the  heat 
dissipated  during  the  soldering  operation,  and 
-  second  -  the  strong  soldering  flux  required  to 
produce  smooth  and  bright  solder  fillets  had 
chemically  corroded  the  tube.  Another  opinion  was 
that  the  soft  solution-treated  alloy  had  been 
penetrated  by  sharply  cornered  tooling  jigs  used 
to  bend  the  tube  into  its  spacecraft  configuration. 
After  forming,  the  assembly  had  been  precipitation- 
hardened  at  315^  C  fgr  two  hours  and  then  soldered 
to  the  flange  at  240  C. 

Thei  defective  region  was  microsectioned  and 
polished  (see  Fig.  4b) .  It  can  be  seen  that  at 
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Fig.  4a  -  General  view  of  flexible  wave-gnide 

showing  position  of  pin-hole  (arrowed) . 


least  two  of  the  convolutions  were  damaged  and 
that  in  these  regions  the  section  thickness  of 
the  tubing  was  greatly  reduced  and  hence  mechanic¬ 
ally  weakened. 


Complete  beryllium  copper  removal  had  occurred  at 
the  pin-hole  site.  The  detail  of  one  of  the  defec 
ive  areas  (etched,  Fig.  4c)  shows  the  damaged 
internal  wall  of  the  tube  to  have  slightly  collapsed. 
This  indicates  that  a  compressive  force  had  been 
applied  to  the  tube  surface.  Also,  the  micro- 
structure  of  the  undamaged  tube  is  shown  to  consist 
of  non-deformed  equiaxed  grains.  In  the  damaged 
region,  the  grains  have  been  slightly  deformed; 
they  contain  a  high  density  of  parallel  slip  bands 
and  mechanical  twins  which  change  direction  from 
grain  to  grain.  Such  features  are  characteristic  of 
mechanical  damage  that  must  have  occurred  subsequent 
to  the  precipitation  treatment  because,  at  300  C, 
t-hpv  would  have  been  annealed  out. 


At  this  stage,  it  was  porsslble  to  rule  out 
tho  initial  j\nlg('mont  that  penetration  had  been 
caused  by  formlTri  or  corrosion.  A  visit  to 
the  manufactur«‘r  '  s  shop- floor  revealed  that 
an  inexperienced  soldering  operator  had  assembled 
this  particular  batch  of  waveguides.  Many  of  his 
fillets  had  contained  more  solder  than  was  normal. 
By  means  of  pulling  a  fine  cord,  loaded  with 
abrasive  grit,  around  the  fillets,  he  was  able  to 
remove  the  excess  solder  and  produce  a  clean 
bright  fillet.  In  doing  so,  this  action  had  also 
produced  wear  and  excessive  thinning  of  the  wave¬ 
guide  tube.  The  characteristic  slip  lines  and 
deformation  twins  in  the  microstructure  (Fig.  4c) 
had  accurately  indicated  that  abrasion  and  pin-hole 
formation  had  been  introduced  at  a  stage  after 
the  final  heat  treatment  of  the  tube. 


Fig.  4b 


Full  cross-section  of  defective  region  showing  solder  fillet  and  location  o 


f  pi  IV  ho  If.'  (arrowed)  . 


10 


BD  DUNN 


Fia  4c  -  Etched  microstructure  of  beryllium  copper 
in  region  of  pin-hole.  Grains  are 
generally  equiaxed,  but  have  deformed 
beneath  abraldcd  rG(jion  and  contain 
a  high  density  of  slip  and  l-win  bands. 


assessment  ()F. 

It  is  a  mandatory  ESA  requirement that  Printed 
Circuit  Boards  (PCB's),  to  be  assembled  by  solder 
ing  support  eutectic  composition  tin-lead  finishes 
which  have  been  electroplated  and  then  fused  onto 
their  high-purity  electrolytic  copper  \ 

From  experience  to  date,  hot  oil  fus  ng  o  r 
finishes  has  proved  to  be  a  controllable  process, 
one  ESA-qualified  supplier  has,  however ,  encountered 
systematic  problems  resulting  in  rough,  fused  tin 
lead  finishes  containing  a  large  degree  of  porosity 
(Fig.  5a) .  A  metallurgical  investigation  was  insti 
gated  to  determine  the  severity  of  the  problem  and 
recommend  a  procedure  which  would  eliminate 
the  observed  defects^^^ .  Microsections  (Fig.  5b  and 
5c)  were  analysed  by  EDAX  and  line-scan  attachments 
to  a  SEM-  Wet  chemical  analysis  confirmed  the  pre 
sence  of  slight  copper  contamination  and  a  hyper- 
Gutectoidal  composition  of  the  tin-lead;  tin  being 
69.4%  whereas  the  eutectic  composition  of  pure 
solder  is  62,9%. 

The  detailed  photomicrographs  highlight  several 
large,  partially  sealed  pores  in  the  cross-sectioned 
coating,-  the  normal  copper-tin  intermetallic  layer 
is  just  visible  (A  and  B  of  Fig.  5b,  respectively) . 

The  microstructure  of  the  plated-through  hole  shown 
in  Fig.  5o  also  details  severe  porosity  (A)  and 
a  fine  laminated  eutectic  structure  (C) .  This  phase 
distribution  would  be  expected  in  a  tin-lead  alloy 
containing  691  tin,  the  relative  volumes  of ^ 

"islands"  and  eutectic  being  given  by  the  tin  lead 
binary  phase  diagram. 

The  surface  cavities  and  spherical  pores  associated 
with  the  rejected  boards  are  considered  to  result 
from  the  volatilisation  of  occluded  organic  materials 
during  the  hot  oil  fusion  process.  At  some  time 
during  solder  fusion,  before  the  alloy  had  cooled 
to  its  solidus  temperature,  the  presence  of  tin- 
rich  dendrites  had  entrapped  gas  pockets  which  would 
otherv/j  se  have  been  released  at  the  liquid  solder-to- 
oil  interface.  A  revised  plating  procedure  eliminated 
all  trace  contaminants  and,  once  fused,  provided  a 
microstructure  of  almost  exact  eutectic  composition 
(Fig.  5d) .  No  surface  imperfections  were  observed 
on  PCB's  im^de  to  this  revised  procedure. 

THE  EFFECT  OF  INCLUSIONS  Wm™.  Tjj^J^liCROSTRUCTU^ 

F  EXI^LOSTVELY  DEFOllMED 

pyrotechnic  or  "electro-explosive"  devices  are  used 
extensively  in  spacecraft  to  push  or  pull  loads,  to 
pull  switches  and  pins,  and  to  cut  cables,  wires  and 
release  mechanisms.  ESA  utilises  various  forms  of 
such  explosive  actuated  devices.  They  consist 
generally  of  a  cylindrical  body  containing  a  pyro¬ 
technic  charge  and  an  ignitor  which  can  be  fired 
by  lead  wires*.  The  high  pressure  gases  which  are  ^ 
developed  inside  the  cylinder  as  a  result  of  firing 
‘  cause  a  piston  or  bellow  to  move  forward  within 
a  few  milliseconds. 

Fig.  6a  shows  the  end  of  a  fired  satellite  cable 
cutter  cylinder?  the  round  imprint  has  been 
caused  by  a  piston  rod  attached  to  a  cutter  blade 
r:  (their  relative  positions  have  been  superimposed 

on  the  photograph) .  It  is  highly  desirable  to 
prevent  spent  explosive  from  contaminating 
the  spacecraft  or  Its  environment  by  ensuring 
that  these  devices  retain  their  hermeLiclty  after 


J 


BD  DUNN 


12 


Fig. 


6a 


-  Photograph  of  pyrotechnic  cutter  found 
cracked  (arrowed)  and  leaking  after 
firing. 


firing.  The  Inconel  alloy  cylinder  shown  in 
this  figure,  as  with  many  prototypes,  developed 
cracks  (arrowed)  during  firing  and  this  resulted 
in  the  escape  of  a  considerable  quantity  of 
contaminants. 

The  metallograpliically  prepared  section  shown  in 
Fig.  6b  reveals  a  high  propensity  of  micro- 
porosity  extending  through  the  thickness  o. 
the  cylinder  wall. 

'Additional  examinations  and  testing  determined 
.the  mode  of  cylinder  failure.  The  cylinders  were 
found  to  have  been  (machined  from  commercial  purity 
inconel  ,600  in  bar  form.  This  Ni-Cr-Fe  alloy  exists  . 
'as  a  stable  solid  solution.  T)ie  rather  )iigh  carbon 
and  sulphur  content  which  is  permitted  by  commercial 
specifications  can  give  rise  to  inclusions  of 
ctiromiura  carbide  and  nickel  sulphide.  Longitudinal 
sections  made  from  bar  stock  showed  such  inclusions 
to  be  numerous  and  as  having  generally  a  hig 
length- to-width  ratio.  Closer  examination  of 
the  leaking  cartridge  revealed  that  each  microyoid 
in  the  structure  was  associated  with  an  inclusion 
(r,oe  Pig.  C-iC)  .  These  voids  have  formed  by  the  press 
urn  differences  caused  when  the  shock  wave  of 
the  RXploflion  p.:.:nHPd  over  t)ie  inclusion  .and  ^roatod 
microcr.ioking,  sopnnUion  nn.l  c-.vltatlon  at  thc  ln- 
cinsion-to-mafrix  intorf.ice.  It  is  tliought  likoly 
that  cracks  h.wc  formed  alter  firing  due  to 
the  hicrh  gas  pressures  within  the  cylinder. 

These  cracks  are  seen  to  propagate  through  the 
in  a  ductile  transgranular  manner,  linking  the  mi 
voids  and  so  forming  a  continuous  leak  path. 


Fiq.  6c  -  The  detailed  Gxaminat.l.bn  shows  Inclusions 
(arrowed)  surrounded  by  microvoids 
tlie  major  crack  has  propagated  in 
a  ductile  manner. as  evidenced  by 
the  deformed  Inconel  grains. 


igorous  quality  controls  were  imposed  to  ensure 

S.  .Uo,  - 

xeedom  from  miorovoiding  is  attributed  to 
;he  almost  total  absence  of  inclusions  within 
-hp  new  stock  material. 
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Side-view  of  brass  bifurcated  terminal  on 
component  side  of  PCB  (arrow  highlights 
typical  lack  of  solder  and  crack  in 
solder  fillet\ 


FRACTURE  RESULTING  FROM  MATERIAL  THERMM.  EXPANSION 


MISMATCH 


The  following  photographs  highlight  the  most^ 
common  cause  of  solder  joint  cracking  in  PCB’s. 

These  defects  are  associated  with  the  use  of 
solder-moimted  brass  terminal  pins  which  develop 
cracks  in  their  solder  fillets  within  hours  or 
days  after  assembly.  They  give  cause  for  concern, 
particularly  when  noticed  subsequent  to  the  finished 
PCB  being  passed  as  visually  acceptable  at  some 
inspection  point.  Fig,  7a  shows  a  typical  crack 
which  had  grown  through  360  around  this  post. 
Microsections  revealed  that  all  posts  soldered  to 
this  board  contained  cracks  at  the  upperstde  solder 
fillet  (Fig,  7b). 

The  detailed  micrograph  (Fig.  7c)  shows  that 
the  underside  solder  fillet  is  still  intact  and, 
because  pla tod-through  holes  have  been  utilised, 
the  electrical  continuity  of  this  circuit  had  no 
been  affected.  These  terminal  pins  had  been 
machined  from  brass  stock  v/ithout  a  barrier  layer 
oC  copper  or  nickel  to  prevent  the  zinc  constituent 
of  the  brass  from  diffusing  through  the  tin-lead 
finish  and  oxidising  at  the  surface.  Brass  compo 
nants  which  become  covered  by  a  thin  layer  of  zinc 
oxide  hfve  almost  zero  solderability ,  even  when 
hlg’ily  corrosive  fluxes  are  employed. 

Fig.  7c  shows  that  poor  pin  solderability 
prevent.ed  complete  solder  flow  into  the  plated- 
th]:ou7h  liolo.  Solder  vJas  applied  with  difficulty 
to  both  sides  of  the  PCD.  The  lack  of  solder  in 
the  pletod- throufTh  hole  reduces  the  mechanical 
8tr<unth  of  this  connection.  During  solder  assembly 
of  Lb-  *  poet  Info  the  PCB,  or  later  during 

solderlug  of  a  vdre  lo  Lho  r'Ost,  heat  will  bo 
d  i  a  si  t;  -d  i  1 1 !:  r.'  Lhc  PCB  l  am  1  na  to  and  f  h  I  s  wi  1 1 
expand  an  order  of  i;.:>enitud.»  more  than  the  metallic 
>  of  Llv  i  J.id  .  Upon  cooling,  the  board 
laminate  BhriaKs  to  its  original  dimension  and 
creates  a  tensile  force  that  stresses  the  solder 
joiiit.  Due  to  the  temperature  excursions  during 
r.oldcvrine,  tho  dimensional  displacement  of  joints 
mad;.i  to  !/!;-.  inoU  tliick  loards  can  bo  100  mlcrons- 
The  rooan-Liioo-to-failuro  or  cracking  is  dependent 
upon  the  length  of  time  the  soldering  iron  remains 


Fig.  7c  -  Cracked  solder  fillets  (arrowed)  on 
vipper  side  of  PCB  and  lack  of  solder 
penetration. 


in  coni-acL  with  Lhn  cunJucV.lve  surfawt.ti  nnd 
tho  thickness  ol  tho  non-mot«liic  (PCB)  raoiJln. 
Successful  Joints  are  only  acldevod  by  employimj 
terminal  posts  of  axcallent  solderability  ('-•S- 
solder-plated  bronze  or,  when  brass  cannot  be 
avoided,  an  intermediate  barrier  layer  of  at  least 
3  microns  copper  or  nickel  to  prevent  zinc  diffusion 
to  the  surface) .  Soldering  times  and  temperatures 
should  also  be  kept  to  a  minimum.  The  use  of  clip-on 
heat  sinks  has  also  proved  to  be  of  advantage  when 
making  secondary  connoctlona. 
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Fig  8a  -  SEM  Eractrograph  of  prematurely  failed 
steel  spring  showing  plated  layers  and 
"delaminated"  appearance  of  matrix. 


Fig.  Ob  -  Longitudinal  microncction  made  through 
fracture  surface  presented  in  Fig.  8a, 


Fig,  0c  -  Extremely  fine  crack  beneath  plated 
laynr.s. 


p^Rt»ililliSiB 
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Fig.  8d  ~  Internal  microcracks  formed  by  hydrogen 
and  probably  initiated  adjacent  to 
dongalod  inclusions  in  the  rolxed  steel 
(lightly  etched  in  Nital) . 


of'pooe  quality 


SPACEC  RAFT  MATERIAL  FAILURES 


Fig,  9a  -  Strut  Intendea  for  satellite  structure. 
Tube  and  machined  lug  (both  A1261B) 
joined  by  EB  welding.  This  strut  had 
been  stored  non-loaded  for  six  months. 
After  integration,  a  similar  strut  failed 
along  the  path  denoted  by  dotted  line. 


Fig.  9b  -  Photomicrographs  progressively  detail 

a  continuous  network  of  lialrlino  cracks 
which  surround  and  propagate  into  the  weld 
pool;  several  intergranular  cracks  also 
exist  in  the  HAZ. 
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HVnROnEN  EMBRITT1.EMENT  OF  SP^NG  STEfX 

Several  small  springs  which  had  been  installed 
for  two  days  within  the  equipment  of  an  engineering 
model  satellite  were  heard  to  snap  into  two  halves 
prior  to  equipment  level  testing.  The  metallurgical 
analysis  found  the  failed  springs  to  have  been 
fabricated  of  a  standard  0.4%  carbon  low  alloy 
spring  steel  which  had  been  hardened  and  tempered, 
descaled  and  finally  plated  with,  first,  copper 
and  then  nickel.  The  spring  fracture  surfaces  were 
examined  in  a  SEM  (Fig.  8a)  and  seen  to  consist  of 
delaminated  bands  separated  by  dimpled  rupture 
regions.  The  fracture  path  direction  had  followed 
along  machine  marks  and  some  deep  scores  which 
existed  on  the  nickel  surface  which  are  detailed 
in  the  microsection  shown  in  Fig.  8b. 

Based  on  a  review  of  the  spring  processing 
procedure  in  conjunction  with  examination  of 
the  highly  magnified  steel  micro structure  (Figs. 

8c  and  8d) i  the  primary  failure  of  the  springs  was 
attributed  to  hydrogen  embrittlement.  These  springs 
had  been  conditioned  by  heating  to  900  C,  oil^ 
quenched,  and  then  immediately  tempered  at  250  C 
to  produce  the  required  hardness  and  spring 
properties.  The  subsequent  cleaning  and  plating 
process  stages  generated  hydrogen  in  its  atomic 
form  at  the  steel  surfaces.  Atomic  hydrogen  will 
rapidly  diffuse  through  the  metal  lattice  and, 
when  uniformly  distributed,  is  non-damaging. 

However,  once  the  springs  were  installed  on 
the  spacecraft,  they  became  loaded  and,  under 
the  influence  of  applied  stress,  the  hydrogen 
diffused  to  areas  of  stress  concentration  (e.g. 
internal  sites  of  inclusions  and  dislocations) . 

In  these  locations,  the  atomic  hydrogen  recombines 
to  form  molecular  hydrogen  as  shown  in  Fig.  8d. 

This  molecular  hydrogen  generates  exceedingly 
high  pressures  which  facilitate  cracking. 

In-  most  rolled  steel  sheets,  banded  structures 
containing  fine,  elongated  inclusions  are  common. 

It  is  probable  that  the  microcracks  or  delamina- 
tions  visible  in  this  microstructure  result 
directly  from  the  combined  interaction  of  stress 
and  the  generation  and  accumulation  of  gaseous 
hydrogen  at  the  inclusion-to-matrix  interfaces. 

Once  the  density  of  microcracks  had  sufficiently 
impaired  the  load-bearing  capability  of  the  spring, 
the  final  failure  occurred  by  overstress  with 
the  regions  between  the  microcracks  tearing  in 
a  ductile  manner  as  shovm  by  the  dimpled  zones  on 
the  fractograph. 

Hydrogen  embrittlement  can  fca  eliminated  by 
a  simple  baking  procedure  which  rattles  out  any 
absorbed  atomic  hydrogen  before  it  can  recoiy^j-ne 
as  gaseous  hydrogen.  A  recommended  practice  for 
"hydrogen  bake-out"  was  successfully  employed  in 
the  process  of  fabricating  replacement  springs. 
This  consisted  of  heating  the  parts  for  three 
hours  at  1^0^’’  C  within  an  hour  of  tVie  plating 
operation  and  taking  all  necessary  precautions  to 
avoid  flexing  the  articles  before  they  were  baked. 


PROBLF.MK  ASSOCIATED  WITH  RESIDUAL  STRESSES  IN 
WELDMENTS 

Electron  beam  (EB)  welding  is  frequently  employed 
during  spacecraft  construction  and  it  is  parti¬ 
cularly  suitable  for  weldments  that  are  bodies  of 
rotation,  e.g.  pressure  vessels  and  tubular 
assemblies.  The  welding  motion  is  mechanised  and 
generally  narrower  weld  widths  -  and  therefore 
reduced  distortion  and  heat-affected  zones  (HAZ) 
are  produced.  It  should  be  remembered  that  even 
EB  welds  will  contain  certain  residual  stress^ 
which  are  caused  by  expansion  differentials, 
shrinkage  of  the  weld  metal  as  it  solidifies,  and 
subsequent  contraction  due  to  uneven  cooling. 

The  design  of  one  spacecraft  structure  included 
a  strut  manufactured  by  EB  welding  an  aluminium 
alloy  tube  to  an  end  piece  lug  which  had  been 
machined  from  the  same  high  strength  precipitation 
hardening  alloy  Al  2618. 

Fig.  9a  shows  the  appearance  of  this  painted 
cylindrical  weldment;  the  section  shows  that 
adequate  weld  penetration  has  fused  and  welded 
the  end  of  the  tube  to  the  end-piece  without 
the  need  for  a  filler  metal.  During  integration, 
this  weldment  was  observed  to  fracture  under  very 
low  loading  conditions.  The  crack  path  had  propagated 
through  . the  weld  region  in  a  manner  superimposed  on 
the  micrograph. 

As  part  of  this  failure  investigation,  an  as-welded, 
but  never  loaded,  strut  was  microsectioned. 

This  sample  was  lightly  etched  (Fig.  9b)  to  reveal 
the  presence  of  a  fine  network  of  cracks  at 
the  weld  pool-to-parent  metal  interface.  Some  large, 
secondary  intergranular  cracks  have  also  formed  in 
the  HAZ.  It  was  later  confirmed  that  cracks  did  not 
exist  in  newly  made  weldments.  In  fact,  they  had  ^ 
initiated  and  grown  at  some  stage  during  the  strut's 
6-month  storage  period.  In  this  case,  the  reasons 
for  crack  initiation  and  growth  are  believed  to  be 
twofold.  The  strut  material  is  a  rather  complex 
precipitation-hardening  alloy  which  undergoes 
various  submicro scop ic  changes  during  fabrication. 

The  alloy  adjacent  to  the  weld  pool  (HAZ)  heats  up 
during  the  welding  operation  and  undergoes  a  local¬ 
ised  solution  treatment.  At  room  temperature, 
the  residual  stresses,  which  have  been  set  up  with¬ 
in  the  material  as  a  result  of  weld  metal  contract¬ 
ion,  cause  the  solution-treated  HAZ  to  gradually 
harden  due  to  natural  strain  ageing.  Unfortunately, 
such  a  condition  may  become  embrittled,  particularly 
if  exposed  to  a  mildly  corrosive  environment. 

It  should  be  noted  that,  following  the  welding 
process,  these  struts  had  been  chemically  cleaned, 
alodined  and  finally  painted.  It  is  likely  that 
these  corrosive  processing  environmentscaused  crack 
initiation  altas  which  later  were  to  grow  by  a  stress 
corrosion  mechaniam. 

Based  on  the  failure  analysia  results,  subsequent 
struts  were  carefully  heat-treated  In  a  furnace 
immediately  after  the  welding  operation.  The  residual 
welding  stresses,  which  can  reach  levels  as  high  as 
the  yield  strength  of  the  welded  structure,  were 
sufficiently  relieved  during  this  heat  cycle.  At 
the  same  time,  the  solution  treated  HAZ  was  modi¬ 
fied  to  a  state  of  controlled  higher  strength  owing 
to  precipitation-hardening.  No  further  cracking 
problems  were  experienced  after  the  adoption  of 
this  post-wald  heat  treatment  procedure. 


SPACECRAFT  MATERIAL  FAILURES 


17 


CORROSIOW-RELATED  FAILURES 

Corrosion  has  to  be  considered  during  all  manu¬ 
facturing  and  pre-launch  phases  of  spacecraft. 
Certain  equipment  may  have  to  be  designed  to  also 
withstand  strongly  corrosive  environments  during 
its  useful  life  of  possibly  10  years  in  orbit. 

Such  equipment  includes  battery  units,  heat  pipes 
and  systems,  and  pressure  vessels  containing 
liquid  fuels.  Excepting  emergency  conditions, 
space  hardware  on-board  the  NASA  Shuttle,  e.g. 
SPACELAB,  will  not  be  exposed  to  uncontrolled 
terrestrial  environments.  However,  pre-launch 
phases  and  groxind  storage  periods  for  re -usable 
spacecraft  may  be  long  and  it  has  been  necessary 
to  develop  and  implement  a  plan  which  ensures 
that  all  structural  or  load-bearing  metals  are 
adequately  protected  from  general  surface 
corrosion  and  stress  corrosion  cracking.  Assess¬ 
ments  are  gene*"ally  made'  by  accelerated  testing, 
using  saline  solutions  (e.g.  3^%  NaCl) . 

For  electrical  connections,  it  is  highly  desirable 
to  select  metallic  combinations  from  the  approved 
couples  detailed  in  Fig.  10.  However,  it  is  also 
important  to  note  that  many  of  the  less  noble 
metals  shown  in  this  tabulation  require  additional 
protection  from  general  surface  corrosion  in 
the  form  of  platings,  conversion  coatings,  anodic 
films,  paints,  etc. 

Until  recently,  magnesium  alloys  with  their  high 
strength-to~weight  ratios  have  been  frequently 


selected  for  the  construction  of  spacecraft 
structures  and  the  housing  of  electronic  systems. 

New  ESA  spacecraft  requirements  now  stipulate 
generally  that  all  units  must  be  electrically 
grounded  to  their  structures  and,  at  the  same  time, 
possess  an  adequate  surface  protection  system. 

This  has  lead  to  the  virtual  exclusion  of  magnesium 
from  present  spacecraft  design.  Commercial  conversion 
coatings,  such  as  DOW  7,  may  be  suitably  conductive, 
but,  being  thin,  they  frequently  give  rise  to 
corrosion  problems  (see  Fig.  11). 

This  photograph  shows  the  effect  of  slight 
condensed  moisture  on  an  experiment  housing 
constructed  of  magnesium  after  equipment  quali¬ 
fication  by  thermal  cycling.  The  white,  dust-like 
corrosion  product  was  also  considered  to  be 
a  contamination  hazard. 

Contamination'  of  an  aluminium  alloy  cooling  loop 
by  a  few  minute  particles  of  copper  swarf 
(Fig.  12)  has  been  identified  as  promoting 
the  failure  of  this  system. 

Connection  of  copper,  or  its  alloys,  to  aluminium 
is  a  most  unfavourable  galvanic  couple,  particularly 
in  aqueous  environments.  In  this  instance,  a  small 
number  of  hemispherical  pin-holes,  originating  from 
the  inner  surface  of  the  channel,  have  been  produced 
by  the  localised  corrosion  cell  set  up  between 
the  cathodic  copper  particle  and  the  aluminium. 

Away  from  the  pin-holes,  the  aluminium  surfaces  have 
not  been  corroded. 


Group 

No. 


Motallurgiool  oatogory 


Th«  metale  having  tho  graatar  nagativa 
EMF  will  tand  to  oorroda  and  form  oxldaa 


EMF  batwaon 
a  oalomal 
alactroda 


Compatibla  couplas 
Maximum  potantlal  diffarance  for 


A)  0  26  V 

Non-claanroom  anvironmant 


B)  0'6  V 

Claan-room  or  hf  •'matloally 
saalad  anvironmant 


7. 

8. 
9. 

10. 

11 

12 

i:i 


Gold,  solid  or  plated;  gold  platinum  alloys :  wrought  platinuon 

Rhodium  plated  on  silver-plated  copper 

Silver,  solid  or  plated  on  copper:  high  silver  alloys 

Nickel,  solid  or  plated,  monel  metal  and  high-ntckel-copper  alloys:  titanium 

Copper,  solid  or  ploted;  tow  brasses  or  bronzes,  silver  solder:  German  silver; 
higtr  copper-nickel  alloys;  nickel-chromium  alloys;  austenitic  high 
corrooion-resisiant  steels 

Commercial  yellow  brasses  and  bronzes 

High  brasses  ond  bronzes;  naval  brass;  Muntz  metal 

18%  chromium  typo  corrosion -resistant  steels 

Chromium  or  tin  plated  (non-porous)  metals.  12%  chromium  type 
corrosion  r-'sislant  steels 

Tin  lead  soldi solid  or  plated,  Terne  plate 

Lead,  solid  or  plnlorl;  higli  lend  olloys 

Duinhimtn  lypr  nliuniiiium  wtomjht  rtlloyn 

Iton  wroupht  u'‘'V  oi  motflilonlilo  Arnico  non  plairt  carbon  ar>d 
low  alloy  aiiifils 

Aluminium,  wrought  cHoys  other  than  Duralumin  type;  aluminium 
case  alloys  ol  the  silicon  type 

)\luminiirm.  cast  alloys  other  than  silicon  type;  cadmium  platings 
(gener^ally  not  apjnoved  for  space-use) 

Hot  dipped  zinc  plate  (generally  not  approved  for  space-use) 

Zinc,  wrought;  zi/tc-base  die  casting  alloys;  zinc  plate 
(generally  not  approved  for  space-use) 

Magnesium  and  magnosium-base  alloys,  cast  or  wrought 


+  0  15 
+  005 
0 

-0  15 
-0  20 

-0  26 

-  0  30 
-0  35 

-  0  46 

-0  60 

-  0  55 
0  60 
0  70 

0  75 


-  1  05 
-110 


I 


in 


Pig.  10  -  Compatible  couples  for  bimetallic  contact. 
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Fig.  11  “  Magnesium  housing  finished  with  DOW  7 
showing  corrosion  along  bottom  surface 
of  ring  (A)  and  around  the  threaded 
atttiniGCJs  steel  hoLlcoll  Inserts  (M)  . 


Fig.  12  -  Copper  (cathodic)  surface  contamination 
has  resulted  In  severe  pitting  and  leak¬ 
age  of  an  aluminium  cooling  channel. 


Fig.  13  -  Pitting  corrosion  of  aluminium  alloy 
2014-T6  enhanced  by  local  porosity  in 
B  micron  thick  nickel  plating,  after 
30  days  in  saline  solution. 


Fig.  13  details  a  severe  corrosion  pit  within 
aluminium  alloy  2014-T6.  This  part  had  been  nickel- 
plated  and  subjected  to  a  saline  solution  for  30 
days  as  part  of  a  qualification  programme. 

The  nickel  plating  was  intended  to  provide  the  sur¬ 
face  protection  system,  but  -  like  many  nickel 
plates  -  it  contained  microscopically  fine  cracks 
resulting  from  high  residual  stressed  in  the  plating 
and  caused  the  substrate  to  become  exposed. 

In  these  locations,  galvanic  corrosion  of  the  alum¬ 
inium  is  enhanced  by  the  large  nickel  area  (EMF 
difference  between  Al  2024  and  nickel  is  approx. 
0.45V).  This  particular  alloy  also  contains  a  high 
copper  composition  and  the  deep  lamellar  corrosion 
channels  observed  in  Fig.  13  result  from  selective 
galvamic  attack  between  undissolved  cathodic  particles 
of  CuAl^  and  the  alloy  matrix. 

The  choice  of  metals  for  specific  corrosive  environ¬ 
ments  may  be  made  by  referring  to  corrosion  hand¬ 
books.  Unfortunately,  important  details  are  occasion¬ 
ally  overlooked.  Two  brief,  historical  accounts  are 
now  given  to  Illustrate  the  use  of  incompatible 
metals  in  contact  with  corrosive  environments. 


Problem  No.  1  was  caused  by  battery  cells  which 
had  been  installed  in  a  satellite  and  were  found  to 
have  developed  slight  leaks  (Fig.  14a) . 

The  potassium  hydroxide  electrolyte  had  seeped  out 
onto  the  cell  tops  and  formed  a  white  deposit  which 
was  analysed  to  be  potassium  carbonate,  the  reaction 
product  between  the  electrolyte  €md  carbon  dioxide 
from  the  atmosphere.  The  central  terminal  posts  of 
these  battery  cells  are  separated  from  their  case 
bodies  by  a  ceramic  insulator.  The  cell  construction 
materials  had  been  designed  to  ensure  proper  match¬ 
ing  of  expansion  coefficients.  A  strong  metallisation 
system  which  could  be  painted  onto  the  ceramic 
insulator  had  been  selected.  This  would  then  be 
fired  and  subsequently  brazed  to  form  a  reliable 
ceramic-to-metal  seal.  The  metallisation  chosen  for 
the  alumina  ceramic  was  molybdenum-manganese  metallic 
powder.  During  firing,  the  powder  sinters  together; 
the  manganese  component  is  oxidised,  and  this  reacts 
with  the  alumina  and  its  secondary  siliceous  phases 
to  form  a  fluid  glaoa  (in  the  Mn0-Al20^-St02  ternary 
system) .  This  liquid  then  penetrates  between 
the  grains  of  the  alumina  and  encompasses  the  molyb¬ 
denum  motalllc  particles.  The  exposed,  electrically 
conductive  molybdenum  particles  could  then  be  plated 
with  nickel.  Copper-silver  eutectic  preforms  were 
used  to  subsequently  braze  the  ceramic  into  the  Kovar 
cell  cap.  To  satisfy  long-life  requirements,  it  was 
necessary  for  these  seals  to  be  completely  inert  to 
the  cell  electrolyte,  a  solution  of  potassium  hydrox¬ 
ide,  in  the  presence  of  oxygen,  hydrogen  aind  applied 
potentials  up  to  1.5V.  Short-term,  accelerated  tests 
on  the  seals  produced  satisfactory  results,  but  did 
not  promote  the  actual  failure  mode  which  had  initi¬ 
ated  long-term  cell  lea)cagQ.  The  failure  analysis  of 
the  leaking  cells  (Fig.  14b)  revealed  that  the  minute 
amount  of  free  molybdenum  in  the  metallisation  was 
being  chemically  dissolved  and  leached  out  by  the  pot¬ 
assium  hydroxide  electrolyte.  The  leak  path  has 
a  width  of  between  0.5  and  2  microns  and  complete 
penetration  of  these  caps  had  occurred  within  18 
months  after  final  assembly.  Additional  cells  were 
developed  utilising  a  titanium  active  metal  metal¬ 
lisation  in  conjunction  with  the  silver-copper  braze 
and  these  have  remained  hermetically  sealed  for  more 
than  five  years. 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 
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Fig.  14a  -  White  crystalline  potassium  carbonate 
on  surface  of  leaking  ceramic-to-metal 
metal  seal  on  terminal  of  nickel- 
cadmium  battery  cell  (potassium 
hydroxide  electrolyte) . 
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Fig.  14b  -  SEM  photomicrograph  of  section  made 
through  leaking  battery  terminal. 

The  Energy  Dispersive  X-ray  analysis 
of  marked  area  identifies  the  presence 
of  Al,  K,  Ni,  Mn  and  low  Mo. 

The  displayed  low  wavelength  distri¬ 
bution  highlights  two  large  potassium 
peaks . 


Problem  No.  2  concerns  incompatible  materials  which 
may  be  introduced  unwittingly  into  fully  satisfactory 
units.  Reaction  control  systems,  which  are  based  on 
hydrazine  fuel,  suffer  from  severe  material  limit¬ 
ations  because  very  few  metals  have  been  foun 
to  bo  compatible  with  hydrazine  or  its  decomposition 
products.  Qualified  thruster  designs  were  noted, 
during  particular  service  tests,  to  operate  at 
an  unacceptably  high  temperature.  All  the  existing 
thruster  construction  materials  were  known  to  be 
compatible  with  hydrazine:  however,  to  increase 
the  thermal  dissipation  of  heat  from  thruster 
chambers,  a  small  modification  was  made  to  exist¬ 
ing  hardware.  This  consisted  of  tagging  thin 
copper  ribbons  onto  the  outside  surface  of  each 
thruster  chamber  by  means  of  a  very  small  electron 
beam  weld.  Unfortunately,  the  depth  of  weld 
penetration  was  far  greater  than  imagined,  as  shown 
in  Fig.  15*  Copper  is  seen  to  alloy  with,  and 
penetrate  along,  the  grain  boundaries  of 
the  chamber  material.  Local  penetration  of  copper 
caused  it  to  appear  on  the  inside  surface  of 
the  chamber.  Thruster  firings  introduced  hydrazine 
into  the  copper-contaminated  areas  and,  within 
a  few  minutes,  the  chambers  were  observed  to  leak 
due  to  the  rapid  dissolution  of  copper  by 
the  reactive  hydrazine. 

Armed  with  this  knowledge,  satisfactory  “°difica- 
tions  were  implemented  by  relocating  the  position 
of  the  copper  ribbons  to  less  critical  parts  of 
these  thrusters. 

SOME  SOURCES  ..I-  MKTALLTC  COOT/WI^ION,  PA£T;E^ 

The  control  of  contamination  has  led  to  Increases 
in  the  reliability  and  precision  of  spacecraft. 

Much  effort  is  made  to  utilise  materials,  part¬ 
icularly  organic  ones,  with  very  low  outgassing 
properties.  It  is  also  necessary  to  ensure  particle 
cleanliness  by  employing  a  contamination  control 
procedure  involving  the  use  of  clean  rooms, 
laminar  airflow  facilities,  clean  packaging, 


Fig.  15  -  0.8  mm  thick  copper  ribbon  electron  beam 
welded  to  superalloy.  Note  extent  of 
alloying  and  depth  of  grain  boundary 
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Plq.  t6a  -  Silver  alivers  generated  from  the  torque 
loading  of  titanium  bolts  into  silver- 
plated'  titanium  stiff-nuts;  these  cause 
electrical  short-circuits  and  must  be 
removed  by  vacuum  cleaning. 


mi  V'  ^  '  4  ^ ' 

Fig.  16c  -  Filamentary  growths  of  single  crystals , 
termed  "whiskers",  growing  on  cadmium, 
zinc  and  tin-plated  components. 

The  whiskers  shown  here  on  tin-plated 
crimp  connectors  were  seen  to  grow 
after  their  barrels  had  been  deformed  by 
a  critnping  tool.  Some  whiskers  have  been 
found ^  '  to  grow  to  lengths  exceeding 
2  mm  and  they  can  carry  currents  up  to 
32  mA  before  burning  out. 

AS  spacecraft  electronics  progressively 
employ  reduced  spacing  between  conduct¬ 
ors,  any  undetected  whiskers  which 
become  detached  during  launch  vibration 
may  float  under  zero  gravity  to  cause 
short-circuits. 


♦  p.v 


I-".'  1 


Fig.  16b  -  The  internal  surface  of  a  Ti6Al4V 
propellant  taink  after  EB  welding. 
The  failure  analysis  revealed  weld 


overpenetrations  and  the  release  of 
wplfl  Rolutter  particles  which  were 


loosely  adhering  to  the  inside  tank 
wall  surface.  Vibration  could  cause 
particle  detachment  resulting  in 
blockage  of  this  spacecraft  propellant 
system. 
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special  monitors  and  the  like.  One  aspect  which 
should  not  be  overlooked  is  the  generation  of 
metallic  particle  contamination,  the  sources  of 
which  may  range  from  the  very  obvious  to  the  highly 
Illusive.  Three  highly  problematic  sources  of 
metallic  particle  contamination,  recovered  from 
recent  spacecraft,  are  illustrated  in  Fig.  16. 

They  show  respectively:  Figures  I6a,  b  and  c. 


It  is  strongly  recommended^^ that  surfaces  which 
may  support  streea-induced  whisker  growth,  such  as 
tin,  cadmium  and  zinc,  be  excluded  from  spacecraft 
design  and  replaced,  If  possible,  by  a  tin-lead 
alloy. 


DISCUSSION  AND  SUMMARY 

In  practice,  the  majority  of  materials  for  specific 
spacecraft  applications  are  chosen  by  designers  and 
angineara  who  may  only  have  a  superficial  knowledge 
of  material  science.  It  happens  only  too  often  that 
a  metallurgist  in  brought  in  after  failures  have 
occurred.  As  a  result  of  the  continuously  growing 
sophistication  of  spacecraft,  brought  about  part¬ 
icularly  by  the  flying  of  advanced  technologies  and 
the  requirement  for  longer  lifetimes,  ESA  now 
requests  that  the  prime  contractor  for ^g^ch  project 
employ  a  team  of  materials  specialists  .  This  team 
must  be  declared  in  the  first  phase  of  the  project. 
Several  of  the  smaller  companies  engaged  to  manu¬ 
facture  hardware  such  as  mechanical  devices  and 
electronics  lack  the  availability  of  materials 
specialists.  In  these  cases,  it  is  essential  that 
materials  information  and  test  laboratories  are 
close  at  hand,  possibly  at  national  research 
establishments,  to  give  advice  and  to  perform  tests 
on  technology  samples  with  the  aim  of  choosing 
materials  and  production  methods  that  are  both 
economic  and  reliable. 


often  that  failures  could  have  been  prevented  at 
the  design  state  or  during  production  if  there  ha 
been  sufficient  consultation  between  the  engineer  and 
the  materials  specialist.  It  should  also  be  stated 
that  much  time  and  money  may  be  wasted  by  exasperated 
managers  and  engineers  who  attempt  to  conduct  failure 
investigations  during  failure  review  boards  and  make 
recommendations  based  on  intuition  whilst  bypassing 
the  laboratory  failure  analysis.  It  must  be  stressed 
hare  that  the  majority  of  failures  described  in  this 
paper  do  not  result  from  overload,  but  stem  mainly 
from  fundamental  shortcomings  in  design,  choice  of 
material  or  choice  of  process  procedure. 

The  metallurgical  analysis  plays  an  indispensable 
role  in  the  post-mortem  diagnosis  of  spacecraft  hard¬ 
ware  failures.  Metallographic  techniques  together  with 
adequate  knowledge  of  the  background  of  a  problem  area 
are  equally  indispensable  in  the  clarification  and 
rectification  of  the  material  factors  that  affect 
the  modes  Of  failure. 
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ABSTRACT 

This  paper  provider;  the  DSC  characteristics  of  7 
model  epoxy  r-esin  curing  agent  combinations.  In 
addition,  the  DSC-cure  behaviour  of  a  typical  auto^ 
clave  grade  high  temperature  bismaleimide  resin  is 
evaluated. 

The  calculation  of  cure  cycles  based  on  DSC-data 
and  time- temperature  profiles  of  a  commercial  auto¬ 
clave  are  demonstrated  for  2  epoxy  resins  and  a 
polyimide'  resin  material. 

For  a  new  high  temperature  epoxy  resin  formulation 
based  on  TGDDM  and  m-Aminobenzoic  acid  hydrazide 
it  is  demonstrated  that  Differential  Scanning 
Calorimetry  (DSC)  can  be  used  to  define  the  state 
of  advancement  of  the  resin  and  therefore  to 
control  the  quality  of  carbon  fibre  unidirectional 
prepregs.  Thermal  Mechanical  Analysis  techniques 
are  advantageously  used  to  develop  postcure  cycles. 

■Keywords;  Differential  Scanning  Calorimetry, 
expansion  coefficients,  thermosetting  resins,  cure 
cycle  calculation. 

I .  INTRODUCTION 

Fibre  reinforced  composite  materials  are  of 
increasing  importance  in  many  aerospace  and  air¬ 
craft  applications  as  a  result  of  the  reqviiroment 
for  lighter  weight  structures.  Graphite  fibre 
composites  are  accepted  materials  now,  because 
they  offer  a  very  high  strength  to  weight  ratio 
and  stiffness  to  weight  ratio,  as  compared  with 
conventional  metallic  structural  materials.  The 
usual  technology  to  mould  complicated  spherical 
parts  needs  prepreg  materials  as  precursors.  They 
consist  of  the  reinforcing  fibres  either  unidirect-  • 
ional  or  as  a  woven  fabric  impregnated  with  a 
thermosetting  resin  formulation.  The  resin  is 
sometimes  B- staged,  e.g.  reacted  to  a  small  degree 
to  make  it  non-liquid  at  ambient  temperatures  and 
suitable  for  being  processed  by  a  low  pressure 
(<1-7  MPa's)  autoclave  moulding  procedure. 

As  a  consequence  of:  the  rapid  introduction  ol 
advanced  resin  composites  into  the  production  of 
structural  comp' uu-  its  in  aircrafts;  and  spacocr<irts, 
the  development,  of  advanced  quality  assurance 
criteria  became  extremely  important.  During  the 
ear.ly  period,  acceptance  criterial  for  prepregs 
were  based  on  performance  tests  such  as  mechanical 
properties  of  moulded  test  coupons,  gel  time,  resin 
contents,  flow  properties  and  tackiness.  Nowadays, 
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it  is  accepted  by  the  industry  that  the  chemical 
edmposition  of  the  resins;  used  must  alsu^  be  part 
of  the  quality  assurance  control.  Chemical 
analytical  methods  like  thin  layer  chromatography 
(Ref.l),  high  |)ress;ure  1  iqu id  chromatography 
(Refs.  2,3,4),  infrared  spectroscopy,  C-13  nuclear 
magnetic  resonance,  chemical  analysis  and  end 
group  titrations  are  used  more  and  more.  Great 
attention  is  paid  to  Differential  Scanning  Calor¬ 
imetry  (DSC) ,  since  this  method  provides  inform¬ 
ation  which  is  related  to  the  chemical  reaction  of 
the  matrix  during  cure. 

Described  in  a  recent  publication  are  the  instru¬ 
mental  techniques  for  developing  epoxy  cure  cycles 
by  using  DSC  (Ref. 5).  A  mathematical  model  for 
evaluating  recommended  cure  cycles  is  provided  for 
one  commercial  epoxy  resin  system  (NARMCO  5208) . 
The  investigations  performed  during  the  course  of 
this  work  are  directed  toward  the  correlation 
between  the  chemical  composition  of  the  resin 
binder  matrix  and  the  thermal  analytical  (DSC) 
behaviour.  DSC  .is  also  applied  to  calculate  the 
cure  cycle  of  a  commercial  graphite  epoxy-prepreg 
(Code  92  of  Fothorgill  and  Harvey) ,  a  polyfunct¬ 
ional  epoxy  and  a  thermosetting  polyimide  resin. 

To  demonstrate?  the  applicability  of  DSC  as  a  qual¬ 
ity  assurance  control  method,  the  ageing  behaviour 
of  a  350°F  prf’preg  system  based  on  tef.raglycidyl- 
methylenediani  1  int?  (TGMDA)  and  m-amlnobenzolc  acid 
hydrazide  (ABH)  is  followed  by  DSC. 

TMA-analysis  is  used  to  measure  coefficients  of 
linear  thermal  expansion  for  both  laminates  and 
neat  resins  to  obtain  information  about  postcuring 
requirements. 

2 .  EXPERIMENTAL 


2 . 1  Resins  investigated 

Three  typical  epoxy  resin  base  materials,  e.g. 
tetraglycidy Imet hylenedlanJ 1 tne  (TGMDA)  (Ciba 
Geigy  MY  720),  Msglyc  idylbi  sphonol  A  (Ciba  Goigy 
CY  209)  and  an  (gx^xy  novolac:  resin  (Bakelite  0102) 
were  used  in  this  investigation.  Methylenedianil- 
ine  (MDA)  ,  d i.imi nodiphenylsulfon  (DDG)  and  m-amino- 
benzoic  acid  hydrazide  (ABH)  were  used  as  curing 
agents  for  the  model  epoxy-curing  agent  combinat¬ 
ions.  In  addition  to  these  model  compounds  a 
commercial  prepreg  resin  formulation  was  made 
available  by  Fothergill  and  Harvey  (Code  92)  for 
this  investigation. 
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The  chemical  structures  of  these  model  compounds 
are  provided  in  Table  1 . 


Table  1 .  Chemical  structures  of  epoxy-resins  and 
curing  agents 


Fig.l  Differential  Scanning  Calorigramme  of  a 
thermosetting  resin. 


A  thermosetting  polymide  resin  formulation  which 
can  be  processed  as  a  hot  melt,  Code  H  795,  has 
been  developed  recently  by  Technochemie  for  graph¬ 
ite  fibre  prepregs  and  was  included  in  this  stu  y 
for  comparison. 


2.2  Sample  preparation 


The  epoxy  resins  and  curing  agents  were  dissolved 
in  Aceton  at  low  temperature  to  obtain  a  homogenous 
mixture  of  the  reactants.  The  solvent  was  stripped 
off  in  a  vacuxun  at  50-70  C,  and  the  resinous 
residue  obtained  was  directly  used  for  DSC  measure 
ments.  The  mixtures  contained  4-8%  by  weight  of 
residual  solvent.  The  PBMI  (H  795)  hot  melt  resin 
was  free  of  residual  solvent  for  the  thermal 
analysis  investigation.  The  commercial  EP-resin 
Code  92  was  delivered  as  a  solution  in  a  low- 
boiling  solvent.  DSC  samples  were  obtained  after 
solvent  removal  in  the  usual  way. 


2.3  Instrumental 

A  DU  Pont  Thermal  Analyser  (900)  with  a  Different¬ 
ial  Scanning  Calorimetry  (DSC)  module  was  employed. 
The  thermal  mechanical  analyser  (TMA)  model  941 
was  used  for  the  CTE  measurements. 


0  d  nifferential  Scanning  Calorimetry_( Method  of 
*  — - — — “  Carpenter) 

Differential  Scanning  Calorimetry  covers  the 
measurement  of  the  heat  evolved  during  an  exother¬ 
mic  reaction  like  epoxy  (EP)  or  polybismaleimide 
(PBMI)  resin  cure.  The  DSC-thermogramm  -  a  typical 
scan  is  given  in  Figure  1-  provides  the  profile  for 
the  rate  of. energy  released  for  a  programmed  heating 
rate.  Following  the  procedure  of  Carpenter  (Ref. 5) 
within  this  DSC-curve  several  characteristic 
temperatures  can  be  defined. 


T  (onset  temperature)  -  this  is  the  temperature 
where  the  first  detectable  heat  is  released, 
it  is  the  onset  temperature  for  the  curing 
reaction. 

T  (onset  temperature)  obtained  by  extrapolating 
the  front  side  of  the  exotherm  curve  to  the 
base  line. 


T 

GEL 


(gel 


temperature) 


T  (exotherm  peak  temperature) 

EXO 

T  (complete  reaction  temperature)  obtained  by 

extrapolating  the  l)ack  side  of  the  exotherm 
curve  to  the  base  line. 

The  values  for  the  four  temperatures  "^GEL' 

*^EX0^  depend  on  the  heat  up  rate  and  are 

related  to  the  heat  up  rate  by  equation  (1) 
(Doyle  approximation.  Ref .6) 


log  0 


A 

T 


+  B 


(1) 


0  heat  up  rate.  (  c/min) 

T  =  Temperature  (T^g,  "^CR 

A  =  Constant,  related  to  the  activation  energy 
B  -  constant  which  is  related  to  the  Arrhenius 
frequency  factor.  ' 

The  constants  A  and  B  of  equation  (1)  can  be 
determined  from  the  best  straight  line  through  a 
plot  of  log  0  vis  1/T.  These  data  obtained 
dynamically  can  be  converted  to  the  following 
isothermal  relationship 


t 


m2 

cT  10 


(2) 


t  =  time  (minutes)  ^ 

T  =  isothermal  hold  temperature  (  K) 
c  -  constant 


Because  the  DSC-trace  represents  the  various  states 
of  advancement  of  the  resin  during  cure,  one  point 
of  this  trace  defines  the  gel  temperature  for  the 
specific  heating  rate  condition.  The  knowledge  of 


rhp  event  of  qel  allows 
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the  calculation  of  the  gel-temperature  for  any 
cure  cycle  by  treating  the  dynamic  parts  (heating 
up)  of  the  cure  cycle  as  a  series  of  isothermal 
holds . 


GEL 


At 

t 


=  1 


(3) 


t 

At 


time 

fractional  time 


A  detailed  example  to  calculate  the  pressure 
application  point  for  curing  the  commercial  Code  92 
epoxy  resin  prepreg  is  provided  later.  This  tech- 
n?^ue  will  also  be  applied  to  the  system  MY  720/ABH 
and  the  polybismaleimide  resin  H  795. 


3.  RESULTS  AND  DISCUSSION 


3 , 1  DSC  behaviour  of  model  epoxy  resin-curing^ 
agent  compositions 

The  effect  of  the  heating  rate  on  the  DSC-trace  for 
the  resin  Araldit  MY  720  cured  with  MDA,  DDS  and 
ABH  is  provided  in  Figures  2-4  and  in  Table 
is  apparent  that  the  characteristic  temperature 
points  are  shifted  to  lower  temp¬ 

eratures  when  the  heating  rate  is  decreased.  The 
influence  of  the  chemistry  (chemical  reactivity) 
of  the  curing  agent  on  cure  behaviour  is  apparent 
from  Figure  5.  Diaminodiphenylsulfon  (DDS)  is  of 
much  lower  reactivity  than  Diaminodiphenylmethane 
(MDA) ,  therefore  the  exotherm  peak  maximum  occurs 
at  higher  temperatures  under  the  same  set  of 
curing  conditions  (DSC-heating  rate) .  It  is  well 
known  that  basicity  of  the  DDS  amino  groups  is  much 
less  than  the  basicity  of  the  MDA  amino  groups, 
which  influences  the  amino-epoxy  cure  reaction 
velocity.  Both  rosin  systems  show  a  single  curing 
exotherm. 


As  was  to  be  expected,  a  quite  different  DSC-prof- 
ile  is  obtained  for  the  cure  of  Araldit  MY  720  with 
ra-Aminobenzoic  acid  hydrazide  (ABH).  The  curve  has 
a  bimodal  character  e.g.  two  very  good  separated 
peaks  are  present  due  to  two  different  chemical 
reactions  with  different  activation  energies.  The 
curing  agent  ABH  has  two  different  chemical  funct¬ 
ional  groups  which  differ  extremely  in  their 
chemical  reactivity.  The  comparison  with  the  DSC- 
profile  of  the  MY  720/MDA  system  leads  to  the 
conclusion  that  the  first  maximum  is  relevant  for 
the  epoxy  aromatic  amine  reaction,  while  the  second 
peak  is  responsible  for  the  hydrazide-epoxy  cure. 

It  is  of  interest  to  note  that  all  three  epoxy-MDA 
re.slns  provide  DSC-profiles  (heating  rate  15  t/min) 
with  a  single  maximum  at  temperatures  around  166  to 
I  (  Table  2)  as  can  Vie  seen  in  Pig. 6.  It  has 

to  be  noted  at  this  iioint.  that,  the  character ist.ic 
..Muperaturos  of  the  DSC-proflle  can  change  slightly 
With  variatiiMis  in  the  ratios  of  I  h(i  reactants. 


Fig.  4  DSC-t  liermogramme 


for  MY  720/MDA  resin 


AHrmcaltsec} - egfl 
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Fig.  6  DSC-traces  of  epoxy  resins  cured  with 

methylenedianiline  (MDA) 


Resin 

{°C/min)  1 

Temperature  (  C) 

"oS-1  *^0S-2  "^EXO-l  '^EXO-2  "^CR 

CY  209 
MDA 

2 

5 

lo 

15 

60  80  ns  1J9 

75  loo  138  173 

80  105  158  194 

86  113  166  207 

CY  209 
ABH 

1.92 
5.0 
10.0  , 
15.3 

65  83  137  205 

85  lOO  167  223 

loo  112  187  240 

110  137  202  249 

MY  720 
MDA 

1.91 

5.0 

10.90 

15.3 

75  108  132  146 

95  127  155  174 

105  150  178  198 

115  156  186  207 

MY  720 
DDS  1 

1.90 
•1.93 
10. 0 
15.3 

115  158  192  232 

137  178  227  250 

155  200  253  261 

170  211  264  270 

MY  720 
ABH 

1.94 

4.94 
10.6 
15.2 

lOb  in  151  219  247 

no  123  170  235  251 

123  143  190  250  266 

135  160  205  262  277 

0302 

MDA 

1.90 

4.90 
10.10 
15.4 

70  100  124  149 

85  112  143  170 

105  132  166  1^3 

no  142  175  205__ 

0302 

DDS 

1.92 

4.90 

10.10 

15.2 

116  146  178  213 

125  161  200  237 

ISO  178  217  256 

170  187  229  268 

H  795 

2.04 

5.32 

13.2 

16.18 

130  165  212  252 

145  182  230  270 
160  199  245  •  282 
170  207  255  288 

0  heating  rate 


The  cure  of  polybismaleimide  resins  has  bee" 
extensively  investigated  in  our  laboratory  (Ref. 7) 
and  also  by  others  (Ref .8) .  Typical  DSC-profiles 
of  the  new  resin  formulation  H  795  for  two  heating 
rates  are  provided  in  Figure  1  (DSC-data  points 
see  Table  2) .  As  compared  with  epoxies,  the  shape 
of  the  curve  is  somewhat  different,  e.g.  poly¬ 
merization  proceeds  within  a  broader  temperature 
range  terminating  at  higher  temperatures.  Higher 
T  values  indicate  that  higher  cure  temperatures 

CR  ,  . 


3.2  Heat  of  polymerization 

The  area  under  the  DSC  curve  is  a  measure  for  the 
heat  of  polymerization  (AH  pol)  .  For  all 
systems  of  this  investigation,  the  heat  of  poly¬ 
merization  has  been  determined.  All  samples  were 
scanned  Immediately  after  preparation  to  prevent 
prepolymorlzation.  The  values  obtained  are 
provided  in  Table  3.  Apparently,  the  highest 
values  were  obtained  for  the  polyfunctional  epoxy 
system  MY  720  cured  with  DDS  and  ABH  (  ^600  J/g) 
and  the  lowest  for  the  bisphenol  A-type  resin 
cured  with  MDA.  Attention  should  be  paid  to  the 
initial  oxirane  concentration  of  the  epoxy  curing 
agent  mixture  in  comparison  with  the  heat  evolved 
during  cure.  The  oxirane  concentration  in  a^l 
systems  is  in  nearly  the  same  range  (5-6.10  mols/ 
gEP  resin)  but  the  polymerization  energies  vary 
significantly.  It  can  be  concluded  that  the  poly¬ 
functional  epoxy  provides  the  highest  crosslink 
density  after  complete  cure  and  therefore  offers 
outstanding  high  temperature  properties. 

The  H  value  for  the  H  795  polyimide  resin  cannot 
be  compared  with  the  epoxy  resins  because  a 
different  curing  reaction  mechanism  is  involved 
(polymerization  of  terminating  maleimide  end 
groups) . 


Table  2  DSC  data  for  Araldit  CY  209  &  MY  720 
resins,  EPN  0302  resins  and  Polyimide 
resin  Code  H  795 
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Resin 

C  A 

E  p  c: 

^JkHp 

CY  209 

MDA 

4.93  .  10‘^ 

219  -  246 

CY  209 

ABH 

5.26  .  10“^ 

257  -  275 

MY  720 

MDA 

5.80  .  lo"^ 

446  -  449 

MY  720 

,  DDS 

5.44  .  10“^ 

592  -  642 

MY  720 

ABH 

-3  1 

6.19  .  10 

602  -  629 

0302 

MDA 

5.12  .  lo"^ 

386  -  396 

0302 

DDS 

4.75  .  lo“^ 

319  -  350 

Code  92 

composition  unknown 

380  -  430 

H  795 

212  -  240 

CA  *=  Curing  agent 

EPC  “  Epoxy  concentration  (Mol.  oxirane/g  resin) 
AHp  «  Polymerization  energy  J/g 

Table  3.  Heat  of  polymerization  of  EP-res In¬ 
curing  agent  combinations. 


3.3  Ageing  of  EP  resin  prepregs 

Differential  scanning  calorimetry  is  applicable  to 
characterize  the  state  of  advancement  of  the  pre- 
preg  material.  For  this  part  of  our  work  we  used 
the  MY  720/ABH  resin  formulation  because  of  the 
known  composition.  Prepregs  were  prepared  by  a 
filament  winding  process  and  the  resin  was  applied 
onto  the  fibres  by  impregnation  bath  techniques 
from  a  65%  by  weight  solution  in  methyl-ethyl- 
ketone.  The  dried  prepreg  contained  around  2%  of 
residual  solvent  and  all  other  properties  met  the 
German  buftfahrt  Specification  LN  29971  for  uni¬ 
directional  .graphite  prepregs.  Samples  of  the 
prepreg  and  the  neat  resin  (same  batch  as  used  for 
the  prepreg  fabrication)  were  aged  in  those  Al-pans 
which  were  used  for  DSC  measurements.  The  residual 
heat  of  polymerization  obtained  for  the  aged  samp¬ 
les  are  provided  in  Table  4  and  plotted  in  Fig. 7 
as  a  function  of  ageing  time  and  temperature.  Both 
the  neat  resin  and  the  prepreg  are  almost  stable  at 
-18°  for  around  156  days  (about  5  months)  e.g.  only 
a  10%  loss  in  polymerization  energy  occurs.  The 
ageing  temperature  of  20°C  (room  temperature)  is 
not  usual  for  storing  prepregs  but  was  used  in  this 
programme  to  demonstrate  the  drastic  decrease  of 
the  polymerization  energy  under  this  ageing  cond¬ 
ition,  which  is  accompanied  by  a  rapid  loss  of 
handling  properties  like  tackiness  and  drapability. 
The  DSC  thermogrammes  of  the  aged  neat  resin  and 
prepieg  samples  again  showed  the  difference  in  the 
chemical  reactivity  of  an  aromatic  amino  group  and 
the  hydr azide  group  of  the  ra-aminobenzoic  acid 
hydrazide  curing  agent.  The  cure  exotherm  respon¬ 
sible  for  the  epoxy  amino  reaction  disappeared 
(peak  maximum  at  around  190  C)  while  the  second 
exotherm  remained  unchanged. 


No 

\{  Resin 

- 1 

Prepreg 

A  t 

Ageing 

oiTiperatur  1 

Agc'ing  temp. 

20°C 

t4°C 

-in°c 

2(  )\' 

-18°C 

0 

602 

602 

602 

610 

610 

8 

558 

15 

502 

26 

427 

38 

372 

414 

54 

310 

564 

67 

511 

89 

390 

156 

300 

396 

607 

348 

548 

270 

474 

492 

At  =  Ageing  time  (days) 

Table  4.  Heat  of  polymerization  of  aged  MY  720/ 
ABH  neat  resin  and  prepreg  samples. 


Fig. 7  Ageing  of  MY  720/ABH  resin  and  prepreg. 

3.4  Cure  cycle  calculation  by  use  of  DSC  data_ 

Autoclave  moulding  is  the  technology  widely  used 
for  the  fabrication  of  complex  components.  High 
quality  composites  need  the  timely  application  of 
the  consolidation  pressure  well  before  the  resin 
has  g.elled.  Within  this  part  of  our  work,  it  was 
demonstrated  that  the  pressure  application  point 
within  a  preselected  time-temperature  profile 
(which  is  the  temperature  profile  of  the  autoclave 
during  cure)  can  be  calculated  by  following  the 
procedure  described  previously  (Ref. 5) 

3.4,1  Epoxy  resin  Code  92  The  first  step  was 
.the  determination  of  the  isothermal  gel  times  for 
the  neat  resins  by  use  of  the  experimental 
procedure  described  in  DIN  16945.  These  isother¬ 
mal  gel  times  for  resin  Code  92,  MY  720/ABH  and 
the  Pl-resin  H  795  at  various  temperatures  are 
provided  in  Table  5. 
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Gel-times  (mins)  \ 

T  (®C) 

Code  92 

My  720/ABH 

H  795 

80 

60  -  64 

- 

- 

100 

15 

- 

- 

120 

4 

80 

- 

140 

- 

32 

- 

160 

- 

12 

60 

170 

- 

- 

30 

180 

- 

15 

T  =  temperature 

Table  5.  Isothermal  gel  times  according  to 
DIN  16945 


By  use  of  two  time  -temperature  pairs  for  isother¬ 
mal  gel  the  isothermal  gel  equation  was  calculated 
(e.g.  the  constants  A  and  c  of  equation  (2)  for  the 
Code  92  resin  were  calculated) . 

Isothermal  gel  equation  for  Code  92  resin 


^(mins) 


,  -6  2  ,  4475/T 

=  1.0871  X  10  X  T  X  10 


(4) 


1-{0.061  +  0.210)  =  0.729  so  that  the  calculation 

of  T  is  possible,  T  ,  was  found  to  be  107  C. 
gel  gel 

This  is  the  temperature  where  pressure  has  to  be 
applied.  The  results  of  the  calculations  are  in 
very  good  agreement  with  the  actually  used  curing 
cycle.  (Pressure  application  at  110  C). 


Fig. 8  Autoclave  cure  cycle  of  Code  92  prepregs 


The  next  step  was  the  determination  of  the  kine¬ 
matic  gel  equation.  To  perform  this,  the  kinematic 
gel- temperature  for  the  heating  rate  of  2  C  /  min 
was  determined  (for  Code  92  resin,  the  value  of 
110*^C  was  obtained)  followed  by  the  calculation  of 
the  constant  B  of  equation  ( 1) . 

Kinematic  gel  equation  for  Code  92  resin 

log  0  ^  ~  11.98384  (5) 

"^gel 

Having  derived  the  isothermal  gel  equation,  the  gel 
point  for  any  given  time-temperature  profile  can  be 
calculated.  The  calculation  of  the  point  at  which 
gel  occurs  for  a  typical  cure  cycle  (Fig. 8  -  this 
cure  cycle  was  provided  by  the  component  fabricat¬ 
or  Dorn ier-Sys tern  Friodrichshafen)  for  prepregs 
of  the  resin  Code  92  taken  step  by  step  is  : 

Fraction  of  gel 

1).  Heat  up  to  7 5°C,  heating  rate 

2  C/min 

^  ^  =  0.061 
293  1,0871  X  10  ^  x  T^ 


2,  Hold  20  minutes  at.  75°C 


20 

95.23 


0.210 


3.  'Heat  up  to  120°C,  heating  rate 

2°C/min 

'^gel  4474. 89 /T 

■■  —  1 6  2 
348  1 .0871  X  10  X  T 


0.729 
1  .COO 


The  event  of  gel  takes  place  during  step  3) .  The 
summation  of  stop  3)  is  obtained  by 


s 


lixo 

I\ 

J 

1 

i 

rl 

L 

-rcTi 

5‘j 

UiCL^ 

h' 

—m 

t5‘ 

Cim/n. 

tj 

1S?^CR 

TEMPERATURE 


Fig. 9  DSC-traces  of  Code  92  prepregs 

\  heu 


Fig, 10  nsc-data  plots  for  Code  92  prepregs 
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3.4.2  Resin  MY  720/ABH  The  isothermal  and  kine- 
matic  gel  equation  for  this  system  has  been  deter¬ 
mined  in  the  same  way  as  described  before  for  Code 
92  prepreg.  The  kinematic  gel  temperature  for  a 
heating  rate  of  2  C  was  found  to  be  162.5  C. 


Isothermal  gel  equation 
t(mins)  s=  4,04168  x  lO 


for  MY  720/ABH 

“13  J2.  ,  3579.34297/T 

X  T  X  10 


(6) 


Kinematic  gel  equation  for  MY  720/ABH 


log  0 


-3579.34297 


gel 


+  8.51551 


(7) 


For  the  time-temperature  profile  in  Figure  12,  the 
gel  point  was  calculated  as  follows: 


1)  Heat  up  to  140*^0  in  40  mins 


413  -3579. 34297 /T 


293  4.04168  x  lo“^  x  T^ 


Fraction  of  gel 


=  0.23149 


2)  Gelation  occurs  during  the  isothermal 
hold  at  170°C 


^•^•3  PI-Resin  Code  H  795  The  typical  autoclave 
cycle  for  this  thermosettting  Pl-resin  is  provided 
in  Figure  13.  The  application  of  the  moulding 
pressure  is  performed  60  minutes  after  starting 
the  cycle. 

The  isothermal  and  kinematic  equations  were 
calculated  by  using  the  isothermal  gel  times  of 
Table  5.  For  a  heating  rate  of  2  C/min,  the  gel 
temperature  was  found  to  be  202  C. 


^  “  X  =  0.76851 

~ir  3T"  1  .OOOOO 

gel 

This  means  that  goT  occurs  after  64.59  minutes 
after  the  start  of  the  cure  cycle.  The  act\ial 
pressure  application  during  composite  moulding  is 
performed  well  before  gelation  takes  place. 


Isothermal  gel  equation  for  resin  H  795 

1  ^2  _6152.69519/T 

t,  ^  =  1.97569  X  10  X  T  x  10 

(mins) 


(8) 


Kinematic  gc*l  equation  for  resin  H  795 
-6152.69519 


log  0  = 


+  13.25407 


(9) 


gel 


Iog0= 

\  hEL 


The  event  of  gel  during  the  cure  cycle  given  in 
Figure  12  was  calculated  as  follows: 


1)  Heat  up  to  IVO^C  in  50  mins 
(0  =  30c/min) 


443 

Z 


293 


^^-6152.69519  /T 
1.97569  X  10  X  T 


Fraction  of  gel 


=  0.34863 


2)  Hold  at  170^C  for  one  hour. 

(During  this  step  gelling  occurs) 


X 


Ui.O 


0.65137 
1  .OOOOO* 


X  “  19.5'.  mins  (o.g.  gf*nati<m  occurs  after 
19.55  mins  at  . 


Within  this  t'urc'  tjycle,  pressurf  has  to  be 
well  below  tin;  rp?)  point.  In  fad  ,  the  pressure 
is  applied  after  60-65  mins  from  the  start  of  the 
cycle.  This  cycle  was  used  to  mould  graphite  fibre 
laminates  which  provided  the  properties  given  in 
Tabl e  6 . 


30 


H  STENZENBERGER  &  M  HER/OCJ 


Fig. 14  DSC“data  plots  for  H  795  resin 


Property 

Unit 

-55^C 

Value 

25®C 

250®C 

Fibre 

Vol.% 

59^1 

content 

^*80 

2 

N/mm 

1439 

1646 

1378 

E _ 

KN/mm^ 

119.5 

121.3 

84.4 

BO 

€^B90 

2 

N/mm 

64 

81 

31 

E  ^ 

KN/iifim^ 

9.24 

B.71 

7.60 

890 

ILSS(la) 

N/mm^ 

86 

01 

49 

ILSS(lb) 

M/mm^ 

37 

4B 

44 

a 

b 

1 


flexural  strength 
flexural  modulus 

45°) S 

Span  to  depth  ration  5  :  1 


The  examples  given  show  how  DSC  can  be  applied  to 
quantitatively  define  cure  cycles  for  autoclave 
moulding.  If  the  gel  equations  are  known  for  a 
resin  system,  the  gel  points  for  every  time- 
temperature  cure  profile  can  be  calculated  indic¬ 
ating  the  latest  point  for  the  application  of  the 
moulding  pressure  to  get  adequate  flow.  The 
techniques  described  can  of  course  also  be  applied 
to  other  characteristic  temperatures  of  the  DSC 
profile  e.g.  for  the  temperature  of  the  reaction 
termination  (T  )  which  then  allows  the  calculat¬ 
ion  of  cure  times  for  isothermal  conditions. 


3.5  Coefficients  of  thermal  expansion 

Within  a  recent  programme  sponsored  by  ESTEC 
(Ref. 9)  coefficients  of  thermal  expansion  (CTE) 
of  the  constituents  of  graphite  laminates , e .g . 
neat  resins  and  unidirectional  layers,  became  of 
interest  to  calculate  in-built  stresses  that  occur 
during  maiwifacture  of  carbon  fibre  composites.  It 
is  well  stated  in  the  literature  that  the  resin 
type  (Ref.lo)  and  the  fibre  content  of  the  compos¬ 
ite  (Ref. 11)  influence  the  CTE’s  in  both  the  fibre 
direction  and  perpendicular  to  the  fibre  direction 
of  a  unidirectional  layer. 

For  this  progreimme,  it  was  of  interest  to  know 
whether  postcure  does  or  does  not  influence  the 
CTE*s  of  the  neat  resin.  Vice  versa,  information 
about  postcuring  requirements  could  be  obtained 
from  CTE  determinations. 

3.5.1  Resin  Code  92  Neat  resin  samples  were 
cured  according  to  the  recommendation  for  Code  92 
prepregs  for  4  hours  at  50  C  then  for  2  hours  at 
125^C  (cure  cycle  1).  Other  samples  were  held  for 
4  hours  at  120°C  (cycle  2)  and  others  were  cured 
at  a  temperature  of  140  C  for  4  hours,  and  CTE's  ^ 
measured  in  the  temperature  range  of  -80  C  to  +90  C. 


0 

Temp.  C 

Expansion 
Cure  cycle  1 

coefficient  ^ 
Cure  cycle  2  | 

^  X  10^ 

Cure  cycle  3 

+90 

102.4 

+00 

96. 

5 

" 

+70 

103.6 

90. 

5 

05.7 

+  50 

95.7 

82. 

2 

70.6 

+30 

75.0 

76 

2 

70.3 

+  10 

73.8 

71 

5 

66,7 

-10 

66.7 

65 

5 

59.5 

-30 

59.5 

58. 

.4 

52.4 

-50 

54.8 

52. 

.4 

46.4 

-70 

42.9 

41 

.7 

42.9 

Cure  cycle  1  :  4  h  50  C  +  2  h  125^C 
Cure  cycle  2  :  6  h  C  +  4  h  120^C 
Cure  cycle  3  :  6  h  60  C  +  4  h  140  C 


Table  7.  Coefficients  of  thermal  expansion  for 
Resin  Code  92 


The  recommended  cure  cycle  1  provided  a  CTE  profile 
which  indicated  a  glass  transition  temperature  of 
approximately  60°C.  The  absolute  values  for  the 
expansion  coefficient  are  high  as  compared__l^ith 
other  Er-resins  (MY  720/ABH,  ^5  *  * 

The  comparison  with  the  cure  cycle  2  shows  an  over¬ 
all  decrease  of  the  CTE  values  mainly^in  the  high 
temperature  region  between  +30  to  +90  C^  Further 
increase  of  the  cure  temperature  to  140  C  for  an 
additional  4  hours  again  gave  a  lowering  of  all 
CTE's  but  the  knee  point  which  indicates  the  glass 


Table  6 


Properties  of  H  795  -  T  300-3000 
laminates  (LN  29971) 
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transition  temperature  is  again  present  but  shifted 
to  a  higher  temperature  (80  C) . 


Fig, 15  Expansion  characteristics  of  EP-resin  Code 


3.5.2  Resin  CY  2o9/MDA(HT  972)  The  CY  209/HT  972 
system  cured  at  125oc  for  2  hours  provided  a  CTE- 
temperature  profile  which  is  nearly  linear  up  to 
40°C  (Figure  16,  Table  8).  At  higher  temperatures 
a  drastic  increase  offlC(CTE)  is  apparent. 


— 1 

Or, 

Expansion 

coefficient  x  10 

Temp .  C 

Cure  cycle  1 

Cure  cycle  2 

Cure  cycle  3 

+90 

97.4 

76.2 

66.7 

+70 

76,1 

67.9 

63.2 

+50 

66.2 

59.5 

61.9 

+30 

56.7 

54.8 

59.5 

+  10 

55.5 

50.0 

53.5 

-10 

50.0 

45.3 

48.8 

-30 

47.2 

41  .7 

44.4 

-50 

42.5 

38.1 

42.4 

-70 

37.8 

36.9 

40.5 

Fig. 16  Expansion  characteristics  of  EP-resin 
CY  209/HT  972. 

3.5.3  Unidirectional  laminates.  The  CTE  of  a  uni- 
directional  layer  is  mainly  influenced  by  the  resin 
matrix  ,  also  the  temperature  dependency  is 
correlatable  to  the  resin  property.  The  CTE  values 
for  unidirectional  Code  92  resin  laminates, which 
were  cured  under  the  conditions  of  the  component 
fabricator,  are  presented  her  in  Table  9  and  Figure 


FM  =  high  modulus  fibre  laminate 
FT  =  high  strength  fibre  laminate 


Cyc lei  :  4h50C+2hl25C 

Cycle  2  :  20  h  45^C  +  7  h  120  C  ^ 

Cycle  3  :  20  h  45  C  +  7  h  1 20  C  +  4  h  140  C 

Table  8.  Coefficients  of  thermal  expansion  for 
CY  209/HT  972  resin. 

Postcuring  for  7  hours  at  120  C  (cure  cycle  2) 
again  provided  an  overall  lowering  of  the  CTE- 
values;  the  knee  point  at  around  40-50  C  is  still 
present.  If  this  resin  is  postcured  for  an  addit¬ 
ional  4  hours  at  140°C  (cure  cycle  3)  a  totally 
expans ion- stable  material  up  to  100  C  is  obtained. 

The  comparison  between  the  Code  92  formulation  and 
resin  CY  209/MDA  shows  that  postcuring  at  140  C  is 
more  effective  for  the  CY  209  resin  providing  a 
material  that  performs  up  to  lOO  C  as  far  as  CTE 
stability  is  concerned.  For  Code  92  resin,  the  Tg 
is  shipfted  up  to  80°C  during  postcure,  but  the 
maximum  use  temperature  should  not  exceed  80  C.  The 
comparison  of  these  two  resin  systems  with  respect 
to  tholr  corrtHation  between  fxjstcure  conditions 
and  CTE- performance  apiiar<nitiy  demonstrates  the 
validity  of  this  thermal  aitalytical  method. 


Table  9.  Expansion  coefficients  of  Code  92 
unidirectional  laminates. 
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The  CTE's  in  fibre  direction  were  found  to  be 
“1.05  -  0.2  X  10~^  cm/cm/®C  and  “0.41  “  0.2  x  10  “ 
cm/cm/^C  for  high  modulus  and  high  strength  fibres 
respectively.  Perpendicular  to  the  fibre  direct- 
ion,  the  expected  temperature  dependency  could  be 
measured. 


4.  CONCLUSION 

Thermal  analytical  methods  like  Differential 
Scanning  Calorimetry  (DSC)  and  Thermal  Mechanical 
Analysis  (TMA)  are  methods  which  can  be  used  either 
as  a  tool  for  research  in  the  early  state  of  devel¬ 
opment  to  follow  and  define  the  cure  behaviour  of 
thermosetting  resins  and  prepregs  thereof.  DSC 
is  also  applicable  as  a  quality  assurance  control 
method  for  resins  and  prepregs,  DSC  data  are  also 
important  from  the  fabrication  pdint  of  view 
because  production  relevant  parameters  like  gel 
within  a  given  time-temperature  cycle  and  isother- 
ma]  cure  times  can  be  calculated.  TMA  (Thermal 
Mechanical  Analysis  gains  insight  Into  the  post- 
curing  requirements  for  a  resin  or  a  laminate  made 
thereof . 
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G.R.  ter  Haar  (Fokker  VFW)  : 

As  a  user  of  materials  we  eure  only  faced  with 
the  results  of  the  work  of  your  laboratory.  Is 
there  no  possibility  of  having  a  feedback,  e.g. 
to  iitprove  odour  or  toxicity,  fr an  your  laboratory, 
because  I  st^^se  there  must  be  significant 
knowledge  and  data  available  because  of  your  long 
e^qperience  in  this  field. 

W.  F.  Enkert. 

The  laboratory  'Ce  just  doing  test  without 
knowing  details  of  the  samples, 

J,  Dauphin  (ESA)  : 

There  exist  some  possible  methods  of  improving 
in  the  same  way  that  we  improve  outgassing  parame¬ 
ters  j  but  as  far  as  I  know  nothing  has  been  attem¬ 
pted  in  this  direction.  For  compelte  equipment 
a  careful  selection  of  cleaning  agents  can  help. 

R.L.  Moss  (Ford  Aerospace)  : 

All  of  our  spacecraft  have  used  conformal 
coatings  on  every  printed  circuit  board,  and 
normally  on  microcircuits.  Are  you  aware  of  any 
ESA  or  other  European  spacecraft  v^ch  have  used 
bare  circuit  boards  or  microcircuits,  and  if  so, 
which  ones  ? 

M.L.  Minges  (AFML,  USA)  : 

What  are  your  views  on  the  use  of  conformal 
coatings  on  printed  wiring  boards  as  contrasted 
to  microcircuits  in  the  USA  ? 

B.  Dunn: 

All  component-assembled  printed-circuit  boards 
used  on  ESA  spacecraft  are  cleaned^  then  electrical¬ 
ly  tested  and  finally  conformally  coated.  Great 
care  must  he  taken  to  ensure  that  the  correct 
coating  material  is  applied.  Many  of  the  clear 
epoxy  resins  require  curing  cycles  which  may  ^ 
damage  components  -  especially  those  containing 
glass-to-metal  seals.  One  transparent  polyurethane 
conformal  coating  (a  Solithane^^^  mixture)^  has  been 
extensively  tested  in  our  laboratory.  It  is  room- 
temperature  curing  and  meets  the  ESA  outgassing 
requivcnmil s ,  Also  this  coating  has  a  low  enginee¬ 
ring  modulus  so  that  it  did  not  promote  thermal 
fatigue  of  ocmrpinicnts  or  solder  joints  during 
our  thermal  cyclhig  tests.  To  my  knowledge  hybrid 
and  integrated  circuits  are  always  contained 
within  hermetically  sealed  packages  and  these 
microcircuits  in  Europe  are  not  conformally  coated, 

D.K.  Davies  (ERA  Technology  Ltd.)  : 

Protection  of  circuitry  by  organic  layer 
coating  is  not  universally  acceptable  owing  to 
microphony  problems  on  high-sensitivity  circuits 
in  high-vibration  environments.  Our  investigations 
have  shown  that  the  signals  arise  from  interfacial 
charge  transfer  and  may  be  exacerbated  by  the 
therml  cycling  of  the  structure. 


B,  Dunn : 

Your  comment  is  probably  true  for  microcir¬ 
cuits,  Conformal  coatings  on  printed  circuit  boards 
are  desirable  and  they  will  prevent  short  circuits 
by  loose  pieces  of  wires y  metallic  slivers  or 
carton  fibres.  However y  they  do  not  suppress  the 
growth  of  whiskers  which  might  be  growing  on 
tin-plated  surfaces, 

A.J.  Clarke  (MSDS)  ; 

Have  you  attenpted  to  relate  maximum  heat 
of  polymerisation  with  minimum  outgassing  ?  If 
this  relation  was  established  then  the  use  of 
thermal  analysis  to  define  cure  schedules,  presu^ 
mably  could  becone  an  ESA  requirement.  This  is 
not  practical  at  present  in  the  corposite 
fabricating  industry. 

H.  Stenzenberger: 

I  agree  with  you  on  the  heat  of  polymerisa¬ 
tion  that  I  did  show  ;  the  comparison  was  made 
for  resins  that  had  nearly  the  same  epoxy  content. 
We  chose  the  exact  equivalent  proportions  between 
the  curing  agent  and  the  resin  system.  The  optimi¬ 
sation  for  a  special  resin  curing  agent  combination 
can  be  made  by  running  different  ratios  between 
curing  agent  and  resiny  then  by  looking  which 
concentration  gives  the  maximum  heat  of  polymeri¬ 
sation  :  this  composition  will  be  the  best  for 
this  combination  of  resin  and  curing  system.  But 
I  am  not  sure  whether  or  not  this  composition  is 
good  with  respect  to  the  outgassing . 

A.J.  Clarke  (MSDS)  : 

Vfe  have  found  sane  strange  results  with 
resin  systems.  We  have  not  looked  into  it  thorou¬ 
ghly,  but  we  have  found  that  you  do  not  necessari¬ 
ly  have  a  high-terrperature  curing  to  achieve  mini¬ 
mum  outgassing  and  I  think  that  it  is  in  contradic¬ 
tion  to  v^t  one  would  normally  expect. 

H,  Stenzenberger: 

This  is  the  problem  that  you  have  when  you 
deal  with  epoxy  resins  at  high  temperatures. 
High-outgassing  rates  can  also  occur  because 
if  you  get  a  high-curing  temperature  you  might 
degrade  the  epoxy  resiny  i.e,  you  might  come  into 
the  range  wh'n’  you  gel  concurrently  to  your  curing 
reaction  and  o  degradation  of  your  material  and 
this  can  in  fact  produce  low  mole<‘uiar  species 
that  will  give  you  higher  outgassing  rates, 

D.H.  Bowen  (Harwell)  : 

You  n^tioned  that  MY  720  cured  with  ABH  is 
a  *high  flow’  systan.  Is  this  a  function  of  the 
curing  agent  and  does  the  fact  that  the  first  ^o- 
therm  occurs  before  the  gel-point  make  it  difficult 
to  control  the  cure  schedule  ? 
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E.  Stenzenhevgev: 

a)  All  model  resin  formulations  presented 

in  the  paper  based  on  MY  720  are  *high  flow^  system, 
nevertheless s  the  curing  agent  can  influence  the 
flow  properties  e.g*low-mtelting  loW'rnnoleculor 
weight  resin  soluble  curing  agents  will  provide^ 
better  flow  than  high-siting  highslecular^  weight 
curing  agents.  Therefore  ABB  contribute  positively 
in  conparison  with  DDS, 

b)  Our  experience  with  this  curing  agent  does 
not  indicate  disadvantages  with  respect  to  control¬ 
ling  the  cure  schedule.  The  fact  that  get  occurs 
after  the  first  curing  exotherm  indicates  that 

the  first  reaction  is  mainly  a  linear  chain 
growing  reaction  which  occurs  in  advance  to  the 
cross-linking  reaction. 


D.H.  Bowen  (Harwell)  : 

Could  you  please  cxatment  on  the  relative 
merits  of  DSC  and  dielectronetry  as  a  means  of 
establishing  cure  schedules  ? 


H,  Stenzenberger: 

Dielectrometry  is  the  method  of  choice  to 
monitor  the  curing  of  components  while  DSC  is 
frommy  point  of  view^  the  method  of  choice  to 
characterise  prepregs  and  resins.  Correlations 
between  DSC  and  dielectrometry  are  preferably 
evaluated  during  the  cure  cycle  development  to 
define  the  state  of  the  resin  advancement  within 
the  dielectrogramne , 

J,  Daufiiin  (ESA)  : 

In  your  ejqperience  with  ccratiercial  products 
did  you  observe  a  good  Constance  of  the  quality 
of  prepregs  ? 

B,  Stenzenberger: 

The  results  that  were  obtained  in  our  labo¬ 
ratory  on  one  cormercial  prepreg  show  a  very 
good  Constance  as  far  as  the  DSC  properties  are 
concerned.  The  problem  with  respect  to  mould 
prepregs  to  composites  is  the  residual  solvent 
content  which  in  fact  influences  the  gel  behaviour 
of  the  prepreg j  e*g,  the  gel  point  on  the  DSC  trace 
can  shift  to  higher  or  lower  temperatures.  Till 
now  this  effect  is  not  fully  evaluated. 
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ABSTRACT 

The  development  and  evaluation  of  transparent 
conductive  coatings,  conductive  bulk  materials 
and  grounding  techniques  for  application  to 
high  resistivity  dielectric  spacecraft  materials 
to  eliminate  or  control  spacecraft  charging 
is  discussed.  Techniques  for  the  application 
of  thin  transparent  conductive  indium  oxide, 
indium/tin  oxide  and  other  metal  oxide  coat¬ 
ings  to  Kapton,  FEP  Teflon,  OSR  and  solar  cell 
coverglasses  are  presented.  The  development 
of  conductive  bulk  glass  and  stable  low  out- 
gassing  fabric  type  thermal  control  coatings 
as  spacecraft  charging  control  materials  is 
presented . 

Keywords:  Thermal  Control,  Conductive  Anti¬ 

static,  Transparent  Coatings,  Spacecraft 
Charging,  Contamination,  Adhesive 


1.  INTRODUCTION 

Current  spacecraft  thermal  control  materials 
R&D  activities  in  the  U.S.  are  directed  to 
the  development  of  these  materials  and  asso¬ 
ciated  teclniology  which  will  meet  or  solve 
the  leading,  pacing,  materials  requirements 
and  problems  of  current  and  future  extended 
lif e/survivable  satellites  and  space  vehicles. 
The  most  important  materials  requirements  are: 
long-term,  7-10  years,  stability  to  the  vacuum 
and  ultraviolet  and  particulate  space  radiation 
environment;  tallorable  thermo-optical  pro¬ 
perties  of  solar  absorptance  and  emmittance; 
reduced  spacecraft  charging  effects,  particu- 

*  larly  for  satellites  operating  at  synchronous 
altitude;  and  low  contamination  potential 
(lov;  outgassing).  These,  requirements  are 
mutually  inclusive.  As  the  design  goal  oper¬ 
ational  life  times  of  satellites  have  increased 

*  from  3-5  years  to  the  present  7-10  years;  the 
sensitivities,  resolution  and  long-term  opera¬ 
tional  performance  of  various  optical,  electro- 
optical  and  other  sensor  systems  and  subsystems 
have  also  increased.  For  example,  the  opera- 
tiona,l  temperatures  of  current  and  future  sat¬ 
ellite  infrared  sensor  systems  have  decreased 
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to  100°K  or  lower  markedly  increasing  the  con¬ 
tamination  problems  of  the  optics,  baffles 
and  sensors.  The  passive  thermal  radiator 
coatings  and  materials  necessary  to  maintain 
these  low  tempera tures  are  also  extremely 
contamination  effect  sensitive.  Contamination 
and  its  deleterious  effects  has  in  fact  been 
identified  as  the  operational  life  limiting 
factor  of  many  future  satellites. 

Spacecraft  operating  at  synchronous  orbit 
are  subject  to  spacecraft  charging  of  exter¬ 
nal  surfaces  when  exposed  to  magnetic  sub- 
storm  electrons.  Discharge/breakdown  of 
these  high,  up  to  19,000  volt,  surface  charges 
can  cause  disruption  or  even  catastrophic 
failure  of  various  electronic  systems  or  sub¬ 
systems.  Damage  to  the  physical  and  radia¬ 
tive  properties  of  materials  and  enhanced 
contamination  due  to  surface  charge  related 
attraction  of  contaminant  species  may  also 
occur.  Conductive  spacecraft  materials  are 
necessary  in  order  to  control  or  limit  these 
charging  effects. 

The  major  goals  of  current  materials  develop¬ 
ment  programs  are:  the  development  of  con¬ 
ductive  thermal  control  materials  and  ap¬ 
proaches  to  control  or  eliminate  spacecraft 
charging  and  the  development  of  low  contam¬ 
ination  potential  spacecraft  materials,  ad¬ 
hesives,  potting  compounds,  etc.,  and  related 
technology  to  maintain  the  cleanliness  of 
sensitive  satellite  components. 

2.  APPROACH  TO  THE  PROBLEM 

Based  upon  past  experience  and  the  high  level 
of  risks  involved,  spacecraft  designers  are 
reluctant  to  apply  new  materials  for  critical 
applications  on  satellites,  particularly  if 
they  are  required  to  operate  for  10  years. 
Unless  adequate  actual  space  flight  perfor¬ 
mance  data  on  these  materials  are  available 
the  designer  will  utilize  materials  with 
known  performance  characteristics.  This  has 
had  the  effect  that  much  of  the  satellite 
materials  research  in  the  last  few  years  is 
based  upon  modifications  of  known  state-of- 
the-art  materials,  which  would  be  expected 
to  have  a  minor  negative  influence  on  the 
overall  materials  performance  if  the  expected 
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gain  were  not  realized.  This  observation  is 
apparent  in  the  work  that  follows.  The  ma¬ 
jority  of  the  work  presented  below  is  based 
upon  exploratory  development  efforts  performed 
under  U.S,  Air  Force  sponsorship  as  part  of 
the  conductive  spacecraft  materials  develop¬ 
ment  program  (Ref.  1). 

3.  MATERIALS  DEVELOPMENT  EFFORTS 

3. 1  Development  of  transparent  conductive 
coatings 

Conductive  transparent  coatings  from  semicon- 
ducter-metal  oxides  represent  one  route  to 
controlling  electrostatic  charge  buildup  on 
dielectric  thermal  control  materials  while 
having  a  minimal  effect  on  the  thermo-optical 
properties  of  solar  absorptance  and  emlttance 
(Ref.  2).  Thin  films  of  indium  and  indium/ 
tin  oxide  have  been  most  commonly  used.  The 
conductivity  of  these  coatings  is  critically 
dependent  upon  the  proper  oxygen-metal  stoich¬ 
iometry  and  the  properties  are  strongly  de¬ 
pendent  on  the  condition  of  the  substrate  and 
deposition  process. 

Thin  films  of  90%  indium  oxide/10%  tin  oxide 
(ITp)  an4  Indium  oxide  (10)  have  been  deposi¬ 
ted  on  3  mil  Kapton,  5  mil  FEP  Teflon  and  OSR 
and  coverglass  tiles  of  fused  silica  and  boro- 
silicate  using  Magnetron,  DC  and  RF  sputter¬ 
ing  and  resistive  heating  vapor  deposition 
techniques.  Deposition  has  been  demonstrated 
both  react Ively  by  Magnetron  and  DC  sputter¬ 
ing  and  by  resistive  heating  from  In/Sn  and 
In  targets  in  a  controlled  oxygen  and  argon 
atmosphere  and  non-rcact ively  from  metal 
oxide  targets. 

Visible  absorptance  and  Infrared  emlttance 
measurements  of  ITO  reactlvely  sputtered  onto 
FEP  Teflon,  as  conductive  coatings  in  thick¬ 
nesses  up  to  900A®,  show  a  definite  thickness 
dependence.  Emlttance*  solar  absorptance  and 
transmittance  in  the  visible  region  are  shown 
in  Figure  1  as  a  function  of  the  coating  thick¬ 
ness. 

Indium  oxide  and  aluminum  oxide  coatings  have 
been  deposited  in  thicknesses  down  to  100 A*^ 
by  resistive  heating  vapor  deposition  onto 
FEP  Teflon  and  Kapton  films  and  microsheet 
tiles.  These  films  were  slightly  dark  due  to 
oxygen  deficiencies.  After  heating  in  air  at 
about  220OC  for  a  period  of  15  minutes,  the 
coatings  were  highly  transparent  with  sheet 
resistance  in  the  lO^ohra/square  range,  Table  1. 
10  coatings  can  be  prepared  by  reactive  Mag¬ 
netron  sputtering  in  a  controlled  oxygen  and 
argon  environment  using  RF,  or  more  conveniently 
DC  biasing.  Properties  of  10  coatings  deposi¬ 
ted  using  this  later  technique  are  summarized 
in  Table  2 .  Figures  2  and  3  show  the  trans¬ 
mittance  and  reflectance  of  typical  lOOA® 
coatings  on  microsheet  reported  in  Table  2. 
Average  values  of  transmittance  and  reflectance 
for  these  coatings  weighted  over  the  Johnson 
curve  of  solar  energy  density  are  0.87  and  0.12 
respectively. 


Magnetron  sputtering  was  used  to  deposit  clear 
ITO  on  various  substrates  using  the  DC  bias. 
Table  3  compares  the  resistances  of  ITO  and 
10  coatings  as  prepared  and  after  two  weeks. 
The  apparent  greater  change  in  surface  resis¬ 
tance  of  the  ITO,  compared  to  10  after  two 
weeks,  has  been  further  investigated  and  both 
coatings  seem  to  have  comparable  short  term 
shelf  life  stability. 

In  general.  Magnetron  reactive  sputtering 
from  the  metal  or  metal  alloy  in  controlled 
oxygen-argon  atmosphere  with  DC  bias  appears 
to  be  the  preferred  method  for  producing  con¬ 
ductive,  reproductible  transparent  coatings 
of  10  and  ITO  on  polymeric  dielectric  mater¬ 
ials.  The  resulting  coatings  have  low  sur¬ 
face  resistivities  and  very  little  effect  on 
the  optical  properties.  Experience  indicates 
that  Magnetron  sputtering  can  be  scaled  up 
with  little  loss  in  coating  characteristics. 
Therefore,  scale  up  from  current  12"  to  12" 
to  full,  more  practical  36"  to  48"  widths  of 
material  should  be  possible  with  a  minimum 
effort. 

The  conductive  coatings  of  10  and  ITO  ap¬ 
plied  to  Kapton  and  glass  substrates  are, 
in  general,  quite  durable  and  stable  to 
handling  and  abrasion.  Similar  coatings 
applied  to  FEP  Teflon  are  relatively  soft 
and  must  be  handled  with  care  to  prevent  loss 
by  abrasion  and  handling.  Additional  optimi¬ 
zation  is  in  progress. 

10  and  ITO  conduct Ively  coated  FEP  Teflon 
and  Kapton  films  have  been  tested  under  elec¬ 
tron  irradiation  in  a  charging  control  faci¬ 
lity.  Bulk  (Id)  and  surface  (Ij^)  conduction 
currents  were  recorded  for  beam  potentials 
between  2  Kev  and  20  Kev.  Initial  maxima 
and  steady  state  values  for  10  and  ITO  coated 
3  mil  Kapton  and  5  mil  FEP  Teflon  are  shown 
in  Tables  4  and  5.  Surface  potential  measure¬ 
ments  using  a  Monroe  electrostatic  voltmeter 
following  irradiation  at  beam  potentials  of 
10  Kev,  15  Kev  and  20  Kev  showed  surface  po¬ 
tentials  of  less  than  5  Volts.  Larger  samples, 
12"  X  12",  of  ITO  on  FEP  Teflon  and  Kapton 
have  been  tested  under  electron  irradiation 
with  average  current  densities  up  to  2nA/cm^ 
and  electron  energies  up  to  30  Kev.  The 
100 A°  and  200A®  thick  coatings,  with  sur¬ 
face  resistances  up  to  lO^ohin,  demonstrated 
characteristic  charge  control  properties 
with  no  evidence  of  discharges. 

Combined  electron  and  solar  UV  irradiation 
for  1000  hours  of  coated  and  uncoated  FEP 
Teflon  films  caused  the  same  relative  de¬ 
crease,  2%,  in  transmittance  indicating 
that  the  decrease  was  due  primarily  to  de¬ 
gradation  of  the  FEP,  l.e,  the  conductive 
coatings  are  stable. 

3 . 2  Development  of  conductive  glass 

A  conductive  lithium  boros ilicate  glass, 
designation  GE-ITL,  was  developed  several 
years  ago  by  General  Electric  under  Air  Force 
sponsorship  (Ref.  2).  This  material  is  con¬ 
sidered  a  substitute  glass  for  OSR *8  and 
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solar  cell  covers  to  prevent  static  charge 
buildup  because  of  its  good  transmission  and 
resistance  to  high  energy  (beta)  radiation, 

A  comparison  of  the  transmittance  of  the  ma¬ 
terial  with  fused  silica  and  boro  silicate 
glass  is  shown  in  Figure  A.  A  block  of  this 
glass  was  poured,  annealed,  cut  and  polished 
into  1”  square  wafers  about  0.25  mm  (10  mil) 
thick.  A  silvered  OSR  prepared  from  this 
material  had  an  absorptance  of  0.12  and  emit- 
tance  of  0.86  (Fig.  5).  Bulk  resistance 
measurements  give  a  value  of  lO^^ohms  and 
eliminate  the  need  for  transparent  conductive 
coatings  and  interconnects  or  chamfering  and 
conductive  fillets  in  order  to  effect  a  durable 
continuous  conductive  path  from  the  front 
surface  to  ground.  Optimization  of  this  ma¬ 
terial  is  being  pursued.  Electron  irradiation 
tests  of  an  OSR  array  of  conductive  mirrors 
of  silvered  GE-ITL  at  beam  energies  of  2  to 
20  Kev  and  lOnA/cm^  beam  density  showed  no 
significant  charge  buildup, 

3.3  Conductive  adhesives 

Conductive,  space  qualified  adhesives  are 
required  to  physically  and  electrically  bond 
OSR* 8,  solar  cells  and  other  conduct ively 
coated  dielectric  surfaces  to  ground  to  pre¬ 
vent  the  buildup  of  static  charges.  Because 
of  the  nature  of  these  materials,  they  are 
a  leading  potential  source  of  spacecraft  con¬ 
taminants.  A  conductive,  low  outgassing, 
graphite  loaded  adhesive  has  been  developed 
and  evaluated  for  bonding  conduct ively  coated 
OSR’s.  The  adhesive  composition  consisted 
of  RTV  566  or  560  silicone  filled  with  13% 
by  weight  of  0.25  mm  chopped  graphite  fibers, 
Hercules  HMS .  The  RTV  566/HMS  fiber  formu¬ 
lation  produced  a  resistivity  of  about  7.5  x 
lO^ohm-cm.  Used  in  combination  with  10  or 
ITO  coated  0SR*s,  it  has  been  shown  to  pro¬ 
vide  a  space  stable  system  which  provides  a 
reliable  conductive  path  between  the  coating 
and  the  grounded  surface  support,  Figure  6. 

In  another  study,  efforts  to  lower  the  out- 
gassing  potential  of  DC  93-500  and  RTV  567 
by  chromatographic  separation  of  the  low 
molecular  weight  species  did  not  produce  ma¬ 
terials  with  significantly  improved  outgas¬ 
sing  properties.  Since  these  materials  are 
already  pretreated  by  the  manufacturer  for 
minimum  outgassing,  further  treatment  pro¬ 
duces  marginal  reduction  in  total  weight  loss. 
Batch  production  of  many  of  these  materials 
dictates  quality  control  checks  before  use 
in  crUical  applications.  Filler  studies 
indicate  that  the  graphite  fiber  fillers  pro¬ 
duce  Increased  conductivity  in  silicones  at 
lower  loadings  than  silver  powders  or  silver 
coatei  glass  spheres. 

Recent  studies  at  ONERA/CERT  under  an  AFOSR 
(Ref.  2)  grant  have  explored  the  feasibility 
oi  a  conductive  adhesive  technique  for  the 
electrical  interconnection  of  transparent  ITO 
coated  materials.  Good  electrostatic  perfor¬ 
mance  and  the  durability  of  the  components 
combining  ITO  coated  metallized  Kapton  and 
aluminum  foil  ground  straps  by  means  of  a 
silver  (CHO-bond  1029B)  loaded  silicone  (RTV 


566A  plus  RTV  566B  catalyst)  have  been 
achieved.  A  heated  tool  was  designed  and 
developed  and  is  used  to  cure  the  electrical 
joint.  Figure  7.  A  prequalification  test 
program  has  confirmed  the  stability  of  the 
Interconnects  formed  and  the  potential  ap¬ 
plication  of  this  technique  to  operational 
satellites. 

A  program  to  develop  low  outgassing/low  con¬ 
tamination  potential  potting  compounds  for 
spacecraft  electrical  applications  will  be 
initiated  shortly. 

3. A  Fabric  spacecraft  charging  control 
materials 

High  purity  silica  fabrics  have  been  pro¬ 
posed  for  application  as  stable,  low  out¬ 
gassing  thermal  control  coatings  to  control 
the  effects  of  electrostatic  charging  of 
satellites  at  synchronous  altitudes  (Ref.  A). 
These  materials  have  exhibited  very  quiet 
behavior,  non-arcing,  under  electron  beam 
bombardment  at  energies  to  at  least  30  Kev. 
Secondary  emission  conductivity  has  been 
proposed  to  explain  this  excellent  behavior. 
Secondary  electrons  produced  by  the  primary 
electron  beam  are  thought  to  be  a  cloud  of 
free  charges  in  the  voids  between  the  silica. 
Figure  8,  which  can  migrate  and  conduct  the 
charge  through  the  fabric  to  the  conductive 
back  surface  or  edge  attachment.  Secondary 
emission  is  enhanced  due  to  the  extremely 
high  surface  area  encountered  by  the  Incident 
electrons  and  the  enhanced  efflciences  of 
secondary  production  as  the  higher  energy 
electrons  are  decelerated  due  to  the  many 
collisions  to  energies  more  favorable  for 
efficient  secondary  production.  Electron 
bombardment  Induced  surface  conductivity 
probably  also  contributes  to  the  discharging 
process.  Applicability  of  this  material 
is  limited  to  operational  type  satellites 
since  surface  potential  studies  Indicate  sur¬ 
face  potential  of  greater  than  100  volts, 
which  could  not  be  tolerated  on  many  scien¬ 
tific  satellites. 

While  the  fabric  may  be  directly  bonded  to 
the  spacecraft,  the  adhesive  used  could  mi¬ 
grate  to  the  fabric  surface  and  lead  to  un¬ 
stable  optical  properties  under  space  radia¬ 
tion  or  serve  as  a  source  of  contaminants. 

A  composite  structure  obtained  by  laminating, 
at  280°C,  the  fabric  to  an  impervious  alum¬ 
inum  foil  backing  with  a  thin  film  of  FEP 
as  an  adhesive  has  been  developed.  The  sub¬ 
sequent  composite  is  then  bonded  to  the  sat el' 
lite  surface.  A  conductive  adhesive  must  be 
used  to  electrically  bond  the  metallic  layer 
of  the  composite  to  the  satellite  surface. 
Lamination  of  the  fabric  to  the  aluminum 
causes  some  fabric  aluminum  contact  due  to 
the  thin  Interlayer  and  allows  charge  to  be 
carried  to  the  aluminum  foil. 

Evaluation  of  the  spacecraft  charging  char¬ 
acteristics  of  the  fabric  type  coatings  is 
being  actively  pursued  at  ONERA/CERT  as  part 
of  the  program  under  the  AFOSR  grant. 
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The  secondary  emission  conductivity  proposed 
to  explain  the  excellent  antistatic  behavior 
of  the  fabric  type  thermal  control  coating  is 
in  accord  with  the  conclusion  and  recoimnen- 
datlon  of  a  recently  completed  review.  Space¬ 
craft  Charging  Studies  in  Europe  (Ref.  5). 

The  report  specifically  recommends  that  the 
role  of  secondary  emission  in  controlling 
the  potential  of  electron  irradiated  surfaces 
be  investigated  and  that  the  development  of 
space  stable  materials  with  a  secondary  yield 
greater  than  unity  for  incident  multi  Kev- 
electrons  would  be  particularly  important. 
Variations  of  the  fabric  approach  may  play 
a  key  role  in  the  development  of  such  Improved 
materials . 

3 . 5  Paint  type  thermal  control  coatings 

Research  toward  the  development  of  paint  type 
thermal  control  materials  has  been  rather 
limited  in  recent  years  with  two  exceptions. 

Both  of  these  efforts  were  NASA  related  pro¬ 
grams. 

A  silicate-bonded  zinc  orthotitanate  (ZOT) 
thermal  control  coating  for  space  applications 
has  been  developed  under  NASA  sponsorship  by 
IITRI  (Ref.  7).  The  material  is  reported  to 
be  superior  to  the  zinc  oxide  pigmented  S- 
13G/L0  silicone  and  Z93  silicate  based  materials. 
The  material  is  readily  applied  by  spraying 
and  cures  at  room  temperature.  Solar  absorp- 
tance  to  emittance  ratios  as  low  as  0.12  can 
be  achieved  and  the  change  in  solar  absorp- 
tance  after  1000  ESH  of  UV  exposure,  is  less 
than  0.01.  The  material  has  been  proposed 
for  use  on  a  number  of  satellites,  but  as 
mentioned  above,  actual  in-orbit  performance 
data  is  limited. 

A  series  of  electrically  conductive  paint 
type  thermal  control  coatings  liave  been  de¬ 
veloped  for  use  on  the  International  Sun 
Earth  Explorer  (ISEE)  spacecraft  by  workers 
at  NASA/Goddard  Space  Flight  Center,  Table  6. 
Required  stability  in  space  called  for  bulk 
resistivity  less  than  IxlO^ohm-m  ,  absorp- 
tance  less  than  0.67  and  normal  emittance  of 
0.90  after  exposure  to  approximately  4x10 
proton/cm2  of  solar  wind  particles  and  5300  ESH. 
These  coatings  are  formulated  with  mixed  al¬ 
kali  silicate  binders  and  doped,  conductive 
zinc  oxide  pigments  (Ref.  8).  Formulations 
of  these  materials  were  qualified  in  labora¬ 
tory  tests  and  have  been  applied  and  are  fly¬ 
ing  on  ISEE  spacecraft  as  well  as  on  SCATHA. 
Specific  performance  data  have  not  been  pub¬ 
lished. 

Laboratory  simulation  tests  indicate  that  the 
uon-conductive  paint  type  coatings  do  develop 
surface  charges  when  applied  over  conductive 
substrates,  but  are  ’’leaky"  and  do  not  dis¬ 
charge  by  arcing.  As  expected,  the  conduc¬ 
tive  materials  do  not  cliarge. 

3.6  Materials  space  flight  experiments 

Actual  in-orbit  materials  operational  per¬ 
formance  data  is  essential  to  the  accep¬ 


tance  and  application  of  new  materials  for 
critical  spacecraft  applications  and  as  guide¬ 
lines  for  the  development  of  new  and  improved 
materials.  Of  particular  concern  to  the  ma¬ 
terials  developer  is  the  very  limited  mater¬ 
ials  performance  data  in  the  geosynchronous 
spacecraft  charging  environment.  The  ML12 
thermal  control /contamination  experiment  was 
designed  to  correlate  the  degradation  of 
thermal  control  materials  and  contamination 
rates  of  the  spacecraft  surfaces  in  this  en¬ 
vironment  (Ref.  9).  Preliminary  flight  re¬ 
sults  from  this  experiment,  launched  on  the 
Air  Force  P78-2,  SCATHA  (Spacecraft  Charging 
at  High  Altitudes)  satellite  will  be  covered 
in  another  paper. 

The  SCI  Charging  Electrical  Effects  Analy¬ 
zer  and  Satellite  Surface  Potential  Monitor 
experiment  also  launched  on  the  SCATHA  sat¬ 
ellite,  is  designed  in  part  to  measure  the 
electrical  potential  buildup  on  spacecraft 
materials  such  as  Kapton,  FEP,  fabric  coat¬ 
ings  and  OSR’s.  The  experiment  is  reported 
to  be  operating  satisfactorily  but  no  details 
are  available  at  this  time. 

An  extensive  matrix  of  thermal  control  ma¬ 
terials  and  polymeric  films  will  be  flown 
as  part  of  the  DOD/LDEF  Satellite  Materials 
Experiment,  S80-1,  to  provide  low  altitude 
in  orbit  materials  performance  data. 

4.  SUMMARY 

Investigation  on  the  development  and  optim¬ 
ization  of  new  and  improved  spacecraft  ma¬ 
terials  to  control  and  eliminate  spacecraft 
charging  and  the  development  of  low  contam¬ 
ination  potential  materials  is  continuing. 
Approaches  for  the  development  of  new  mater¬ 
ials  have  been  mentioned.  Data  from  actual 
in-orbit  operational  performance  of  space¬ 
craft  materials  will  be  useful  in  the  cor¬ 
relation  of  laboratory  and  space  data  and 
provide  guidelines  for  the  development  of 
new  materials. 
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Figure  1.  Optical  Characterization  of  ITO  Coating  Thickness  Dependence 
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Figure  6.  Continuous  Antistatic  Grounded 
OSR  Configurations 


Onnductlw  Adhesive 


Figure  7.  Conductive  Adhesive/ITO  Heated  Tool 
Bond  Formation 


PRIMARY  ELECTRONS 


CROS5ECTI0N  OF  QUARTZ  TIBER  YARN 


Figure  8.  Quart.  Fabric  Thermal  Control  Coating  Yarn  Cross  Section 


BACKGROUND 

MATERIAL  DEPOSITION  RATE  OXYGEN  PRESSURE 
A|  0  25A/MIN.  SxlO^TORR 

In  0  25A/MIN.  l  x  W  TORR 

X  3  .A 

In  0  25A/MIN.  1  X  10  TORR 

2  3  -5 

»l  0  250A/MIN  5  *  10  TORR 

In^Qj  250A/MIN  1  x  10  TORR 

in  0  2S0A/M1N.  1  x  10  **  TORR 


HEAT  AT 
TAPE  (2)  4250F/ 


15  MIN.  TRANSPARENCY 

yes  NO  DETECTABLE 


BEFORE  AND 
AFTER  TESTING 


SURFACE 
RESISTIVITY  (3) 
01 

5  X  10^  TO  5  X  10® 


5  X  10^  TO  5  X  10® 


5  X  10  TO  5  X  10 


SUBSTRATE 


KAPTON 


increase  in  7  8 

TRANSMISSION  5x10  TO  5  x  10  KAPTON 


5x10^  TO  5x10®  MICROSHEET 
5  X  10^  TO  5  X  10®  MICROSHEET 


MICROSHEET 


Table  1. 


Summary  of  Vacuum  Vapor  Deposited  Transparen 


t  Conductive  Oxide  Films 


NEW  SPACE  MATERIALS  IN  USA 


45 


Run# 

Substrate 

Thickness 

Carrie 

Ar 

it 
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02 
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Microsheet 
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31 

11 

Non .  Cond . 
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2 

Microsheet 

100% 

32 

9 

18K 

14K 

Clear 

Kapton 

30K 

1  FEP  Teflon 

fl 

II 

II 

lOK 

Clear 

3 

Microsheet 

10-14K 

Kapton 

FEP  Teflon 

10-30K 

o 

II 

II 

IK 

Very  Light  Tan 

4 

Microsheet 

300A 

IK 

Kapton 

FEP  Teflon 

.1 _ 

.1 _ _ 

>.'•  4-7K 

_ _ _ — — ■ 

*  Units  of  flow  rate  in  cc/min 

Table  2.  Properties  of  Indium  Oxide  Coatings  Using  ^tegnetron  Sputtering  with  DC  Biasing 


Deposition 

Thickness 

o 

A 

Substrate 

Resistance 
(As  y^sited) 

Resistance 
(2  Later) 

i  - T  vp 

300 

Micro sheet 
Kapton 

FEP 

10  -  20K 
lOK 

4K 

10  -  20K 

700K 

200K 

I  T  0 

100 

Micro sheet 
Kapton 

FEP 

30  -  40K 
lOK 

2  -  5  MEG 

5-10  MEG 

2  -  5  MEG 

20  -  50  MEG 

I  0 

300 

Micro sheet 
Kapton 

FEP 

1  K 

1  K 

4  -  7  K 

2  K 

2  K 

16  -  40  K 

I  0 

100 

Microsheet 

Kapton 

FEP 

10  K 

10  -  14  K 

10  -  30  K 

100  K 

50  -  100  K 

70  -  100  K 

Table  3.  Indium  Tin  Oxide  (ITO)  and  Indium  Oxide  (10)  with  DC  Biasing 


WL  LEHN 


lO  VKV  Teflon  (Sample  No.  44) 


rro  FKP  Teflon  (Sample  No.  37) 


Potential  (kV)  Max.  S.  S. 


'f 

Max, 

i 

s.  s. 

‘s 

s.s. 

Max.  S.  S.  ^ 

Max.  S.  S. 

i - 

11 

11 

180 

0.8 

0.  05 

99 

26 

220 

150 

90 

2.  2 

0.  05 

270 

150 

360 

200 

75 

2.  6 

.  0.05 

280 

200 

300 

200 

55 

3.  5 

0.05 

450 

310 

300 

200 

45 

4.  5 

0,  05 

470 

340 

“  All  currents  in  units  of  nanoamperes 


Steady  State 


^  bulk  conduction  current 

I  surface  conduction  current 
R 

Ig  =  secondary  collector  current 


Table  4.  Summary  of  Current  Measurements  of  10  and  ITO  FEP  Teflon® 


Beam 

Potential 

(kV) 


lO-Kapton  (Sample  No.  40) 


TO-I\apton  (Sample  No.  36) 


3.4  nm 


570  340 


8.1  0.02  600  360  7 

12.6  0.02  500  360  6 


^  All  currents  in  units  of  nanoamperes. 

Ip  =  bulk  conduction  current 
IR  =  surface  conduction  current 
Is  =  secondary  collector  current 


Id 

IR 

Is 

.Max 

s.  s. 

Max 

s.  s. 

S 

s. 

nm*^ 

nm 

am 

nm 

am 

21 

0.  1 

630 

420 

160 

4.  3 

0.  05 

630 

450 

am 

9.  9 

0.  05 

750 

460  . 

nm 

6.  0 

0.  05 

690 

57  0 

nm 

k 

c 

steady  state. 

d 

Not  meas 

tired. 

Table  5.  Summary  of  Current  Measurements  of  10  and  ITO  Kapton 
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AREA  RESISTANCE 
pd  (ohm-nn2) 

ABSORPTANCE 

a 

EMITTANCE 

e 

NS43G 

- - - - 

1.7  X  103 

.38 

.90 

NS53B 

1  X  103 

.52 

.87 

NS  43E 

2  X  10^  ohm-m^ 

.57 

.89 

NS  43C 

- - 

1  X  10^  ohm-m^ 

.20 

.92 

1  NS5bF 

6  X  10^  ohni-m^ 

.57 

91 

Table  6.  Suianary  of  Environmental  Test  Data  of  Electrically  Conductive,  Thermal 
Control  Coatings 
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ABSTRACT 


Basic  methods  for  the  preparation  of  carbon 
fibres  are  presented  and  the  relationship 
between  fibre  properties  and  structure  Is 
described.  Carbon  fibre  composites  with 
carbon,  metal  and  resin  matrices  are 
briefly  reviewed  and  examples  of  appXi  ca¬ 
tions  for  resin  composites  in  spacecraft 
are  described.  Finally,  the  possible 
course  of  future  developments  is  discussed. 


Keywords:  Carbon  Fibres;  Structure; 

Properties;  Carbon,  Metal 
and  Resin  Matrices; 
Dimensional  Stability; 
Applications. 


1.  INTRODUCTION 

High  performance  carbon  fibres  have  been  available 
commercially  for  about  fifteen  years.  Developed 
primarily  for  use  in  aircraft  structures,  they  are 
now  being  employed  in  a  wide  range  of  applications, 
many  of  vdilch  lie  outside  the  aerospace  field.  As 
far  as  spacecraft  structures  and  components  are 
concerned,  the  fibres  and  their  associated  compo¬ 
sites  represent  a  family  of  materials  with  almost 
ideal  properties  in  many  respects.  The  specific 
strength  and  stiffness  are  greater  than  for  most 
other  constructional  materials  and  consequently 
off  t  substantial  weight  savings,  and  the  fibres 
>  al5''>  possess  useful  thermal  properties  that  can  be 
cx  "  lied  to  provide  lightweight  components  with 
good  dimonsional  stability  under  variations  in 
temp.  Lure . 

This  pap  traces  briefly  the  development  of 
carbon  fibres  and  their  properties  and  illustrates 
some  of  the  advantages  of  using  carbon  fibre 
composites  in  current  and  projected  types  of 
spc  cGcraf t . 

2,  BACKGROUND  TO  CARBON  FIBRE  DEVELOPMENT 
The  first  two  elements  in  each  of  Groups  IIIA  and 


IVa  of  the  Periodic  Table  possess  high  degrees  of 
covalent  bonding  and  low  densities  and  consider¬ 
able  effort  has  been  devoted  to  finding  ways  in 
which  the  intrinsic  strength  and  elastic  proper¬ 
ties  of  such  elements,  or  their  compounds,  can  be 
used  for  structural  purposes.  The  development  of 
glass  fibre  technology  in  the  1940’ s  and  1950* s 
Illustrated  some  of  the  advantages  to  be  gained 
from  combining  strong  fibres  with  polymers  of 
relatively  low  strength  and  stiffness  and  the 
last  two  or  three  decades  have  seen  the  develop¬ 
ment  of  other  types  of  fibrous  reinforcement,  such 
as  boron,  carbon,  silicon  carbide  and  aluminium 
oxide,  and  their  use  to  improve  the  properties  of 
a  variety  of  weaker  materials,  notably  polymers 
and  aluminium  alloys. 

Of  the  Inorganic  materials  available  commercially 
as  strong  fibres  carbon  has  the  lowest  density  and 
it  also  possesses  the  Important  t erhno log i cal 
advantage  that  it  is  present  as  a  constituent  in 
most  man-made  textile  fibres.  In  the  late  1950's 
and  early  I960' s,  several  groups  of  workers, 
notably  in  Japan,  the  USA  and  the  UK,  foresaw  the 
possibility  of  processing  a  polymeric  textile 
fibre  to  yield  a  carbonaceous  fibre  with  a  struc¬ 
ture  approximating  to  that  of  single  crystal 
graphite.  Most  subsequent  work  has  consequently 
centred  upon  identifying  ways  of  transforming  a 
textile  fibre  -  an  established  and  relatively  low- 
cost  product,  into  a  material  possessing  greatly 
superior  properties. 

3.  BASIC  PRODUCTION  METHODS  FOR  HIGH  MODULUS  FIBRES 

The  graphite  crystal  structure  is  shown  in  Figure  1. 
To  realise  in  a  carbon  fibre  the  high  Intrinsic 
strength  and  stiffness  deriving  from  the  C-C  bond 
in  the  basal  plane  of  this. structure  (Ref.  1),  it 
is  necessary  to  induce  a  high  degree  of  preferred 
orientation  of  the  individual  crystal I ites  of 
which  the  fibre  is  composed.  Since  the  strong 
covalent  bonds  lie  in  the  basal  plane  it  Is  evi¬ 
dent  that  the  fibre  structure  must  consist  of 
oriented  regions  in  which  the  basal  pianos  are 
parallel  to  the  fibre  axis.  Most  precursors  when 
pyrolysed  however,  give  rise  to  a  carbonaceous 
material  with  a  relatively  poor  degree  of  preferred 
orientation  and  even  graphitisat ion  at  tempera¬ 
tures  in  excess  of  2000^C  does  little  to  improve 
the  structure. 

Two  methods  are  available  for  producing  a  high 
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Figure  1.  The  graphite  crystal  lattice 


degree  of  preferred  orientation.  One  is  stress 
graphitisation  and  the  other  relies  on  the  iden¬ 
tification  of  a  polymer  precursor  whose  molecular 
structure  can  be  alined  and  maintained  during 
pyrolysis  sufficiently  well  to  yield  a  well- 
ordered  graphitic  structure  in  the  resulting  fibre. 
Practical  realisation  of  these  possibilities, 
particularly  the  second,  during  the  early  1960 ’s 
first  made  available  carbon  fibres  of  high  speci¬ 
fic  strength  and  stiffness.  These  events  in  turn 
triggered  off  a  new  industry  as  well  as  a  world¬ 
wide  effort  on  carbon  fibre  composites  technology. 

Stress  graphitisation  Involves  controlled  stretch¬ 
ing  of  the  fibre  at  temperatures  in  excess  of 
2000°C  and  extensions  of  200  to  300%  have  been 
employed  at  temperatures  up  to  2750  C.  This 
induces  a  greater  degree  of  preferred  orientation 
in  the  fibre  structure  and  also  results  in  some 
denslfication  so  that  both  elastic  modulus  and 
strength  are  improved.  The  principle  has  been 
demonstrated  with  fibres  based  on  rayon  (Ref.  2) 
and  petroleum  pitches  (Refs,  3,4)  and  tenfold 
Increases  in  modulus  and  fourfold  improvements  in 
strength  have  been  noted.  Stress  graphltised 
fibres  derived  from  rayon  have  now  been  produced 
in  the  United  States  for  several  years  and  repre¬ 
sent  some  of  the  highest  modulus  fibres  commercial¬ 
ly  available.  No  high  performance  fibres  produced 
by  stretching  pitch-based  fibres  have  yet  appeared 
commercially. 

The  selection  of  a  polymer  fibre  with  an  appro¬ 
priate  molecular  structure  as  a  precursor  to  the 
graphite  structure  had  its  origins  in  work  by 
Shindo  and  coworkers  (Refs.  5,6)  in  Japan  in  the 
late  1950' s.  They  showed  that  fibres  produced  by 
heat  treatment  of  polyacrylonitrile  (PAN)  possessed 
an  appreciable  degree  of  preferred  orientation  and 
a  higher  modulus  than  could  be  obtained  from  cel¬ 
lulose  without  hot-stretching.  Polyacrylonitrile 
(PAN)  forms  a  ladder  polymer  on  heating  at  tempera¬ 
tures  around  200°C  and  if  heating  is  carried  out  in 
an  oxidising  atmosphere,  cross-linking  reactions 
can  occur  between  adjacent  groups  of  ladder  poly¬ 
mer  with  the  formation  of  a  six-membered  ring 
structure.  The  structure  has,  at  this  stage,  a 
greater  Intermolecular  spacing  than  the  C-C  bond 
length  in  the  graphite  crystal  structure.  However, 
on  further  heating  in  an  inert  atmosphere,  the  ring 


structure  is  gradually  converted,  with  the  evolu¬ 
tion  of  volatile  compounds  of  hydrogen,  nitrogen, 
oxygen  and  carbon,  to  sheets  of  material  having 
increasingly  the  character  of  basal  plane  gra¬ 
phite.  The  extent  to  which  graphitisation  occurs, 
and  the  spatial  order  of  the  hexagonal  layers, 
then  depends  primarily  on  the  final  temperature 
to  which  the  material  is  heated  in  an  inert 
atmosphere. 

Although  the  Japanese  work  showed  that  a  PAN  pre¬ 
cursor  could  give  rise  to  better  carbon  fibre 
properties  than  other  polymer  precursors,  the 
crucial  step  upon  which  most  commercial  carbon 
fibre  production  is  now  based  was  identified  in 
the  mid  1960 's  by  Watt,  Phillips  and  Johnson 
(Refs.  7,8)  working  at  the  Royal  Aircraft 
Establishment  in  the  UK.  This  step  was  to  apply 
tension  to  the  PAN  filaments  during  the  initial 
stage  of  oxidation  at  220°C  so  as  to  maintain,  or 
even  increase,  the  molecular  alignment  of  the 
ladder  polymer  and  the  subsequent  sheets  of  ring 
structure  that  develop  from  it,  parallel  to  the 
fibre  axis.  The  application  of  tension  during 
the  oxidation  stage  makes  the  attainment  of  high 
modulus  and  strength  possible  without  the  need 
for  any  further  stretching  at  subsequent  stages 
in  the  heat- treatment  cycle,  and  in  particular, 
it  obviates  stretching  at  temperatures  above 
2000®C,  as  required  in  the  case  of  rayon.  The 
RAE  process  thus  transfers  the  stretching  stage 
from  a  high  to  a  low  temperature  with  a  consequent 
decrease  in  the  capital  cost  of  manufacturing 
plant  and  a  simplification  in  the  fibre  handling 
arrangements. 

Most  types  of  man-made  fibres  in  quantity  produc¬ 
tion,  such  as  glass  or  textile  fibres,  are 
produced  directly  by  melt  or  solution  spinning 
requiring  little,  or  any,  further  processing. 
Carbon  fibres  are  intrinsically  more  expensive  to 
produce  since  the  cost  of  pyrolysis,  and  the  con¬ 
trol  of  molecular  structure  during  pyrolysis,  must 
be  added  to  the  cost  of  production  of  the  precur¬ 
sor.  Opportunities  for  reduction  in  manufacturing 
costs  exist,  however.  In  a  number  of  directions 
and  since  the  evolution  of  the  basic  PAN  manufac¬ 
turing  route  some  ten  years  ago,  a  considerable 
amount  of  research  and  development  has  been 
devoted  to  reducing  manufacturing  costs  and 
improving  product  quality.  For  example,  var‘ious 
co-polymer  formulations  of  PAN  (Ref.  9)  have  been 
explored  with  a  view  to  developing  the  appro¬ 
priate  graphitic  structure  at  minimum  process 
times  and  temperatures.  An  alternative  approach 
has  been  to  use  the  cheap  textile  grades  of  PAN 
(Ref.  10),  in  quantity  production  for  the  clothing 
and  furnishing  industries,  as  precursors.  Much  of 
the  detail  of  this  work,  however,  has  not  been 
published  for  commercial  reasons. 

One  approach  that  has  received  considerable  atten¬ 
tion,  notably  by  the  Union  Carbide  Corporation 
(Ref.  11)  in  the  USA,  has  been  to  explore  further 
the  possibility  of  using  pitch  as  a  precursor, 
using  pre-treatments  that  would  obviate  the  need 
for  high  temperature  stretching  in  order  to  deve¬ 
lop  high  modulus  and  strength.  Two  advantages  of 
pitch  as  a  precursor  are  that  the  raw  materials 
prior  to  spinning  may  be  a  cheap  by-product  of 
other  chemical  manufacturing  processes  or  of 
petroleum  refining;  and  secondly  that  a  higher 
carbon  yield  could  result  upon  pyrolysis,  thereby 
providing  a  higher  output  for  a  given  plant  size 
and  precursor  input.  The  carbon  yield  from 
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pyrolysis  of  PAN  Is  typically  .50-55%.  Thus,  pitch 
“based  fibres  might  be  cheaper  to  process  than  PAN- 
based,  provided  a  means  can  be  found  to  develop  an 
oriented  molecular  structure  at  suitably  low 
temperatures . 

Progress  in  this  direction  has  undoubtedly  been 
made  (Refs.  12,13)  by  converting  part  of  the  pitch 
to  mesophase  or  a  liquid  crystal  state.  By  heat 
treating  certain  types  of  pitch,  it  is  possible  to 
Induce  the  formation  of  liquid  spherules  contain¬ 
ing  layers  of  oriented  molecules  alined  in  the 
same  direction.  These  spherules  are  known  as  meso¬ 
phase  regions.  It  a  pitch  containing  suitable 
proportions  of  mesophase  is  spun  into  fibre  form, 
the  mesophase  regions  are  drawn  into  elongated 
fibrils  parallel  to  the  fibre  axis  and  possoss  a 
highly  oriented  molecular  structure.  On  pyrolysis, 
these  regions  convert  to  graphite  possessing  a 
degree  of  preferred  orientation  similar  to  that 
achieved  from  the  pyrolysis  of  PAN.  Consequently, 
a  fibre  of  high  modulus  and  strength  can  be  pro¬ 
duced  from  pitch  without  the  necessity  of  stretch¬ 
ing  at  high  temperatures  to  produce  the  requisite 
degree  of  crystallite  orientation. 

4.  CARBON  FIBRE  STRUCTURE  AND  PROPERTIES 

4 . 1  Elastic  Modulus  and  Relationship  with 
Structure 


Typical  carbon  fibre  properties  are  displayed  in 
Table  1.  From  the  known  elastic  constants  of  the 
graphite  single  crystal  (Ref.  14)  the  modulus 
within  the  layer  planes  is  of  the  order  1000  GNm” 
and  this  value  clearly  represents  an  upper  limit 
to  v/hat  might  be  achievable  in  a  carbon  fibre. 
Reference  to  Table  1  Indicates  how  close  it  has 
proved  possible  to  approach  this  limit,  particu¬ 
larly  in  the  case  of  hot-strctched  fibre.  A 
number  of  models  (Refs.  15,16)  have  been  proposed 
to  account  for  the  observed  elastic  modulus  of 
carbon  fibres  In  terms  of  Ihclr  structure  as 
determined  by  X-ruy  diffraction  and  electron 
microscopy  studies.  In  general,  these  models 
depict  carbon  fibres  as  consisting  of  a  series  of 
stacks  or  ribbons  of  hexagonal  planes  extending 
large  distances  parallel  to  the  fibre  axis. 

There  is  little  systematic  order  in  the  stacking 
of  adjacent  layers  and  although,  in  a  high  modulus 
fibre,  the  mlsorlentatlon  angle  between  the  normals 
to  the  hexagonal  planes  (the  c-axls  direction)  and 
the  fibre  radius  is  less  than  -10  ,  the  broadening 
of  X-ray  diffraction  lines  indicates  a  spread  of 
mii'orientat ion  angles  amongst  individual  layer 
planes.  Most  models  consequently  depict  the 
structure  as  a  series  of  extended  ribbons  or 
layers  whose  orientation  relative  to  the  fibre 
axis  varies  along  the  axis.  As  to  be  expected 
from  these  models,  voids  would  exist  between  adja¬ 
cent  layers  of  different  orientation  and  this  is 
TcfJocted  in  the  fibre  density  values  in  Table  1 
compared  to  the  density  of  single  crystal  graphite 
<2,500  Itg  m“^)  .  The  tnblf*  also  shows  how  the 
density  of  the  fibre  Incren.ses  ns  the  modulus 
1  »n‘ M  and  ti:'*  structural  models  suggest  that 
increasing  the  graphlt 1  sat  Ion  temporuturo,  or  hot- 
strotching,  are  effective  in  both  Increasing  the 
degree  of  preferred  orientation  of  the  layer  planes 
ainl  reducing  the  incidence  of  voids  and  boundaries 
between  adjacent  layers.  Fourdeux  et  al .  (Ref. 

15)  have  shown  that  excellent  agreement  axlsts 
between  the  misorientation  model  and  the  observed 
axial  Young's  modulus  of  a  series  of  carbon  fibres 
derived  from  PAN,  rayon  and  pitch. 


The  picture  of  the  axial  structure  of  a  carbon 
fibre  and  Its  influence  on  modulus  is  therefore 
fairly  comprehensive.  The  transverse  structure, 
In  other  words,  the  disposition  of  the  layer 
planes  in  the  fibre  cross-section,  is  less  well 
understood.  Optical  birefringence  studies  (Ref. 
17)  and  plasma  etching  (Reg.  18)  of  fibre  cross- 
sections  have  indicated  a  core  with  radial  sym¬ 
metry  surrounded  by  an  outer  sheath  with  a 
predominantly  circumferential  structure.  Figure 
2,  taken  from  Reference  18,  shows  one  interpret a- 


FIBER  RADIAL 
SHEATH  CONTINUUM  CORE 


STRESS  RELIEF 
HOLES  OR  CRACKS 


LARGE  CAVITY 


SMALL  HOLE 


LAMELLAR  SHEATH 
ABOUT  FLAWS, 
CAVITIES.  ETC. 


Figure  2.  Proposed  model  of  carbon  fibre 
structure 


tlon  of  the  fibre  structure.  Considerable  varia¬ 
tions  from  this  simple  picture  exist  however, 
depending  on  the  final  heat-treatment  temperature 
of  the  fibre  and  on  the  type  of  precursor,  i.e. 
whether  based  on  rayon,  PAN,  or  pitch.  PAN-based 
fibres  also  show  marked  morphological  differences 
depending  upon  whether  the  precursor  fibre  was 
spun  from  a  solution  or  melt,  and  whether  it  was 
spun  into  a  coagulating  bath  or  air  dried.  Thus, 
fibres  with  circular,  'dog-bone'  and  bean-shaped 
cross-sections  have  been  produced.  Commercially, 
however,  fibres  with  circular  cross-sections  have 
been  preferred  because  of  the  relative  ease  with 
which  specifications  for  fibre  quality  and  proper¬ 
ties  can  be  established  and  checked  f(»r  a  simple 
geometry . 

4.2  Thermal  Expansion  Behaviour 

The  similarity  between  the  carbon  fibre  structure 
and  that  of  the  graphite  single  crystal  suggests 
that  the  fibres  should  exhibit  similar  thermal 
expansion  behaviour  and  this  is  observed. 

Graphite  crystals  exhibit  highly  anisotropic 
behaviour  (Ref.  1),  the  basal  plane  expansion 
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coefficient  (a^^)  being  very  small  (~  1.2x10  C  ) 
and  becoming  negative  below  400  C,  whereas  the 
coefficient  perpendicular  to  the  basal  plane  (a^) 
is  positive  at  all  temperatures  and  is  relatively 
large  (  -  28  x  10"®  ^C"^) .  The  absolute  values  of 
expansion  coefficients  for  carbon  fibres  depend  on 
the  fibre  type,  the  closest  approach  to  the  single 
crystal  values  being  obtained  in  the  most  highly 
graphitised  fibres,  i.e.  those  heat-treated  to  the 
highest  temperature.  Table  1  lists  typical  values. 
The  lower  transverse  value  is  a  consequence  partly 
of  the  distribution  of  c-axes  about  the  fibre  axis 
and  partly  of  the  microscopic  imperfections  in  the 
fibre  structure. 

4 . 3  Fibre  Strength 

The  theoretical  strengths  of  crystalline  solids  can 
be  shown  to  approximate  to  E/10,  (where  E  is  Young's 
modulus)  by  an  expression  due  to  Orowan  (Ref.  19) 
which  estimates  the  energy  required  to  break  the 
cohesive  forces  between  adjacent  atoms.  Thus  an 
Idealised  carbon  fibre  with  the  structure  of  a  per¬ 
fect  graphite  single  crystal  could  be  expected  to 
display  a  strength  -^100  GNm-2.  Reference  to  Table 
1  shows  that  in  practice,  fibre  strengths  fall  well 
below  the  value  determined  by  the  C-C  bond  in  the 
layer  planes  and  this  shortfall  is  associated  with 
the  presence  of  imperfections  in  the  structure. 

A  number  of  studies  have  been  carried  out  with  the 
aim  of  identifying  strength-limiting  flaws  in 
fibres.  Johnson  (Ref.  16)  and  Johnson  and  Thorne 
(Ref.  20) showed  that  fracture  of  fibres  frequently 
originated  at  voids  in  the  cross-section  and  that 
such  voids  could  often  be  attributed  to  the  pre¬ 
sence  of  inclusions  in  the  precursor  fibre.  Sharp 
and  Burnay  (Ref.  21)  have  produced,  from  observa¬ 
tions  by  transmission  electron  microscopy,  direct 
eviclence  that  dlconical  voids  In  high  modulus 
fibres  occur  at  the  site  of  particular  inclusions 
and "Kave  concluded  that  the  voids  are  produced  by 
volatilisation  of  inorganic  impurities  above 
..lebp^G.  Reynolds  and  Sharp  (Ref.  22)  have  postu- 
latoS  ihat  failure  at  dlcpnlcal  voids  occurs  hp 
resul'^i;  shear  stresses  developed  in  the  mis-  .  • 
orie&4d  crystallites  surrounding  such  voids. 

Using  carefully  filtered  PAN  solutions  and  spinning 
the  precursor  fibres  in  a, dust-free  atmosphere, 
Moretou'and  Watt  (Ref.  23)  were  able  to  produce: 
carbon  fibres  in  which  internal  flaws  were  virtual¬ 
ly  eliminated.  Fracture  s'trengths  consequently 
increased  by  about  80%  compared  to  a  fibre  produced 
by  conventional  methods  and  f ractographlc  studies 
indicated  that  failure  of  the’ clean-spun’  fibres 
was  then  initiated  at  surface  flaws.  Supporting 
evidence  for  the  importance  of  surface  flaws  comes 
from  experiments  in  which  Increases  In  fibre 
strength  have  been  observed  following  etching  (Ref. 
24)  treatment.s.  Those  treatments  presumably  are 
instrumental  In  altering  the  morphology  of  surface 
flaws  and  hence  Increasing  the  stress  at  which 
cracks  propagate  from  them. 

So  ftir,  little  insight  has  been  gained  into  the 
detailed  nature  of  surface  flaws.  Fibres  derived 
from  rayon  and  PAN  have  highly  convoluted  surfaces 
wbioV  make  identification  of  incipient  failure 
site^  alniQst  Impossible  by  microscopical  techniques. 
It  is  conceivable  that  the  mechanism  suggested  by 
Reynolds  ^d  Sharp  of  shear  failure  from  regions  of 
greater  than  average  crystallite  misorientation 
could  account  for  the  Initiation  of  failure  at  the 
fibre  surface.  Other  theories  (Refs.  25,26,27) 


postulate  regions  of  ribbon  wrinkling  around  micro 
-voids  or  the  disordered  regions  shown  in 
Figure  2  as  the  source  of  crack  initiation  and 
there  is  scope  for  considerably  more  work  to 
improve  understanding  on  this  point.  The  highest 
strengths  so  far  produced  in  an  elongated 
graphitic  structure  of  high  aspect  ratio  have  been 
achieved  in  graphite  whiskers.  Bacon  (Ref.  28) 
has  demonstrated  strengths  up  to  ~20  GNm"  and 
these  values  represent  the  closest  approach  to 
the  theoretical  strength  yet  attained. 

It  is  of  considerable  technological  interest  to 
consider  what  order  of  strength  may  ultimately  be 
achievable  in  a  carbon  fibre.  In  the  absence  of  a 
well-substantiated  theory  of  fibre  strength, 
accurate  predictions  are  not  possible,  but  some 
indication  may  be  derived  from  work  by  Morita  et 
al.  (Ref.  29)  and  by  Hughes  et  al .  (Ref.  30). 

Both  groups  adopted  special  processing  procedures, 
not  specified,  for  polyacrylonitrile  fibres  and 
obtained  carbon  fibre  strengths,  deduced  from 
measurements  on  resin  composites,  in  the  region 
3.7  to  4.3  GPa.  Reference  to  the  data  in  Table 
1  for  high  strength  fibre  shows  that  a  consider¬ 
able  improvement  over  the  properties  of  fibres 
currently  produced  commercially  is  possible.  The 
properties  of  commercial  fibres  have  shown  a 
steady  improvement  over  the  years  with  regard  to 
both  absolute  values  and  the  consistency  of 
properties  and  it  is  to  be  expected  that  addi¬ 
tional  improvements  will  follow  as  manufacturing 
procedures  are  further  refined. 

5.  CARBON  FIBRE  COMPOSITES 

Carbon  fibres,  of  course,  form  only  one  of  a 
series  of  reinforcing  fibres  available  for  use  in 
composite  materials.  Other  high  performance  rein¬ 
forcements  Include  glass  and  aramld  fibres,  boron 
and  silicon  carbide  fibres  formed  by  vapour  depo¬ 
sition  on  to  a  carbon  or  tungsten  filament,  and 
metal  wires.  Although  there  are  certain  realms 
where  a  particular  reinforcement  is  uniquely 
suitable,  to  some  extent  each  reinforcement  is  in 
competition  with  the  others  and  careful  appraisal 
is  required  to  determine  which  material  will  fall 
within  a  given  set  of  technical  and  economic 
constraints.  Similarly,  a  variety  of  matrix 
materials  are  available.  As  far  as  carbon  fibres 
are  concerned,  only  two  matrix  materials  have  so 
far  reached  significant  commercial  application  - 
polymers  and  carbon  Itself.  A  considerable  effort 
has  also  been  devoted  to  the  development  of  carbon 
fibre  reinforced  metals  and,  to  a  lesser  extent, 
to  carbon  fibre  reinforced  ceramics  and  hydraulic 
cements . 

It  is  not  within  the  scope  of  this  article  to 
review  the  vast  literature  concerning  the  science 
of  composite  materials  and  reference  should  be 
made  to  w  number  of  excellent  treatises  on  this 
subject  (Uefs.  31,32).  Instead,  it  Is  Intended 
to  Indicate,  where  work  Is  still  in  the  develop¬ 
ment  stage,  what  progress  has  been  made,  and  to 
review  briefly  present  and  future  spacecraft 
applications.  Reinforced  carbon  and  metals  are 
considered  first,  followed  by  the  most  widely 
used  material,  carbon  fibre  reinforced  plastics, 
(CFRP) . 

5.1  Carbon  Fibre  Reinforced  Carbon 

Although  properties  may  vary  widely,  depending  on 
starting  materials  and  method  of  manufacture. 
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bulk  carbons  and  graphites  have  generally  poor 
mechanical  properties.  Flexural  f 
typically  less  than  40  MNm’^  and  Young  « 
usually  does  not  exceed  20  GNm  (Ref.  33), 
is  thus  considerable  potential  for  upgra 
properties  of  such  materials  by  reinforcing  with 
LrLn  fibres.  Fabrication  usually  consists  of 

first  making  a  composite  using  ^.^rai-hon 

pyrolysis,  will  yield  a  high  residue  of  carbon, 
suitable  resins  include  phenollcs.  furanes  and 
epoxy-novalacs.  On  pyrolysis,  the  loss  of  YOla 
tiles  from  the  resin  gives  rise  to  a  porous  carbon 
matrix  and  hence  a  poor  bond  strength,  and  to 
achieve  high  mechanical  properties  it 
to  density  the  matrix.  Densif ication  methods 
involve  successive  re-impregnations  with  resin 
followed  by  further  pyrolysis  operations,  or 
deposition  of  carbon  in  the  pores  from  the  vapour 
phase  (chemical  vapour  deposition),  or  a  combina 
tlon  of  both  methods.  For  the  highest  strength 
composites  the  chemical  vapour  "i”! 

ir  probably  superior  because  in  addition  to  fill 
ing  intern^  pores,  surface  cracks  and  flaws  can 
bo  hoalod  by  deposition  of  carbon.  Both  densif 
cation  processes  are  relatively  slow  however,  and 
hence  carbon/carbon 

expensive  than  CFRP.  A  paper  by  Hill  et  al.  (Re. 
34rglves  details  of  the  effects  of/ar ions  resin 
reimpregnatlon  and  chemical  vapour  deposition 
treatments  and  shows  that  ^“"Bitudinal  flexural 

and  Young’s  modulus  values  of  -1800  MNm 
and  -190  GNm-2  are  achievable  using  high  strength 
and  high  modulus  fibres  respectively. 

For  aerospace  use,  the  principal  applications  for 
ttis  type  of  material  are  in  rocket-motor  cases 
(Ref  35),  for  ablative  purposes  on  re-entry 
vLlcles.  and  for  aircraft  disc  brakes  The 
principal  advantage  over  CFRP  is  the  high 
temperature  capability  and  it  is 

envisage  use  of  reinforced  carbon  in  spacecraft 
for  other  than  very  special  purposes. 


5.2  Carbon  Fibre  Reinforced  Metals 

Three  principal  reasons  can  be  presented  to 
irtempUng  to  incorporate  carbon  fibres  in  metals. 
?he  allllty  of  carbon  to  maintain  its  strength  to 
h  gh  emJoLtures  suggests  that  carbon  fibres 
mlaht  he  effective  in  reducing  creep  In  nickel- 
based  alloys  used  In  gas  turbine  engine  technology 
and  hence  would  Increase  operating  temperatures, 
sfenury!  the  high  specific  strength  and  modu  us 
of  the  fibres  make  them  attractive  for  upgrading 
:L.  :::cLical  performance  of  the  "on- 

ferrous  alloys  and  thirdly,  the  combination  of 
ZcZiolx  Z  tribological  properties  of  carbon 
fibres  suggest  the  possibility 

r^rformance  of  the  low  melting  point  alloys  wide  y 
uref  irbearings.  Thus  the  matrices  most  exten¬ 
sively  studied  have  been  nickel, 

and  lead-tin  alloys,  although  some  work  has  been 
carried  out  on  other  metals  including  cobalt 
titanium  (Ref.  36).  chromium  (Ref.  37)  and 

magnesium  (Ro.f.  38). 

one  Of  the  major  problems  with  blgh  temperature 
composites  is  the  chemical  compatibility  of  dls 

•. '‘“r'Tnisr 

Many  metals  form  carbides  or  have  a  finite  sol 
billty  for  carbon  and  both  processes  may  he 
to  degrade  the  properties  of  the  rc 
rorcinrtihre:"  Baker  (Lf.  39)  has  reviewed  the 
subject  of  chemical  compatibility  and  Old  an 
N^cioras  (Ref.  40)  have  considered  the  prospects 


generally  for  carbon  fibre  reinforced  metals.  With 
regard  to  nickel  and  its  alloys,  there  Is  confl  c- 
ting  evidence  in  the  literature  about  ^he  extent 
to  which  degradation  in  mechanical  PYhP^'ties 
the  composites  occurs  after  heating  to  ~1200  C  in 
vacuo,  but  little  doubt  that  some  degradation 
occurs.  This  is  attributed  primarily  to  the 
solubility  of  carbon  in  nickel.  More  serious 
howevlr  L  the  fact  that  in  air,  oxldat  on  of  the 
fibres  in  the  nickel  matrix  occurs  rapidly  at 
temperatures  above  -600  C.  particularly  where 
fibre  ends  are  exposed  at  a  surface. 

In  contrast  to  nickel,  there  is  evidence,  both 
from  tree-energy  considerations  and  from  experiment, 
snuggest  thaf  an  aluminium  matrix  would  g  ve  some 
protection  to  the  fibres  from  oxidation  “P  ^ 

!450°C  although  there  would  still  remain  the  pro 
blem  of  oxidation  where  fibres  intersect  the 
surface  of  a  component.  Despite  this 
considerable  development  work  "as  been  devoted  to 
fabrication  methods  for  carbon 

aluminium  and  to  evaluation  of  properties.  One 
of  the  most  successful  ■*®Y®lopments  appears  to  be 
that  reported  by  Harrlgan  and  Goddard  (Ref.  4  ) 
il;  which  carbon  fibre  tows,  previously  treated 
chemically  to  promote  wetting,  were 
with  molten  aluminium  to  form  a 
The  wire  can  then  be  formed  into  sheet  bulk 
material  by  liquid  phase  ‘•ot-pressing  or  dlffu_^ 
Sion  bonding.  Tensile  strengths  up  to  700  MNm 
have  been  quoted  for  wire  incorporating  28.5% 
fibre  by  volume,  and  retention  of  strength  at 
elevated  temperatures,  as  indicated  in  3. 

is  reported  to  be  significantly  better  than  for 
un-reinf orced  alloys. 

For  spacecraft  use.  the  principal  advantages  of 
carbon  fibre  reinforced  aluminium  alloys  over 
reinforced  resins  are  likely  to  be  the  improved 
high  temperature  performance,  reduced  “®^®ture 
olck-up  freedom  from  outgasslng  effects,  hlghe 
flectr^^al  and  thermal  conductivities  and  possibly 
:a:rer  joining  techniques.  Such  -trials  are 
only  just  becoming  available  commercially  in  the 
Z  Z  It  remains  to  be  seen  to  what  -t®nt  they 
will  find  application  for  other  than  military 
spacecraft.  They  are  likely  to  remain  more 
expensive  than  reinforced  plastics  owing  to  their 
more  difficult  fahricstlon  technology. 
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5. 3  Carbon  Fibre  Reinforced  Plastics  (CFRP) 

5.3.1  Mechanical  Properties.  The  high  specific 
stiffness  and  strength  of  CFRP  make  it  potentially 
one  of  the  most  useful  materials  for  aircraft  and 
aerospace  vehicle  construction  although  much 
patient  and  detailed  work  has  been  necessary  to 
evolve  the  principles  of  design  and  manufacture 
in  highly  anisotropic  materials.  Figure  4,  based 


Figure  4.  Representative  values  for  the  specific 
strength  and  modulus  of  carbon  fibre 
composites 

on  Reference  43,  summarises  the  relative  specific 
properties  of  CFRP  deriving  from  various  grades  of 
fibres,  compared  with  those  of  structural  metals. 
Typical  absolute  values  are  quoted  in  Table  2. 

The  greatest  benefit  attaching  to  fibre  composites 
is  obtained  when  the  design  permits  the  use  of 
unidirectional  fibres  and  the  properties  of  uni¬ 
directional  forms  of  CFRP  are  represented  by  the 
right-hand  ends  of  the  property  bars  in  Figure  4. 
However,  relatively  few  components  are  subjected 
to  principal  stresses  in  one  direction  only  and 
some  degree  of  isotropy,  at  least  in  two  dimen¬ 
sions,  is  required  to  meet  stress  distributions 
experienced  in  practice.  This  can  be  achieved  by 
building  up  sections  from  thin  laminae  with  the 
fibres  in  each  ply  oriented  in  appropriate  direc¬ 
tions  and  the  left-hand  ends  of  the  property  bars 
in  Figure  4  represent  the  specific  values  for 
symmetrical  laminates  designed  to  give  near¬ 
isotropic  properties  in  the  plane  of  the  laminate. 
Design  procedures  for  laminates  are  now  well 
established  (see  e.g.  Refs.  32  and  44)  although 
there  is  little  doubt  that  considerably  more  work 
remains  to  be  done  -  on  such  problems  as  the  develop¬ 
ment  of  greater  confidence  in  design  procedures, 
the  achievement  of  greater  quality  control  in 
fabrication  processes  and  the  development  of 
better  Inspection  and  evaluation  techniques 
both  destructive  and  non-destructive.  Some  of  the 
advantages,  and  problems,  attaching  to  the  use  of 
fibre  reinforced  composites  in  aerospace  struc¬ 
tures  have  been  discussed  by  Fray  (Ref.  45),  and 
Reference  46  is  a  review,  containing  extensive 
property  data,  conducted  for  ESA  of  the  use  of 
CFRP  in  spacecraft  structures. 


5.3,2  Dimensional  and  Environmental  Stability. 
Although  the  high  specific  strength  and  stiffness 
of  carbon  fibre  composites  are  obviously  advan¬ 
tageous,  many  satellite  components,  such  as 
communications  antennae,  waveguides,  microwave 
filters  and  optical  equipment  are  required  to 
display  a  high  degree  of  dimensional  stability 
over  long  periods  of  exposure  to  a  high  vacuum, 
to  solar  and  particle  radiations,  and,  in  parti¬ 
cular  to  temperature  variations  which,  from  full^ 
solar  irradlance  to  eclipse  can  range  from  -+100  C 
to  -100°C  (Ref.  47),  for  components  at  the  surface 
of  the  spacecraft. 

Properly  formulated  and  cured  thermosetting  resins, 
particularly  epoxies,  are  generally  stable  under 
space  conditions  and  a  number  of  products  have 
been  shown  to  give  rise  to  acceptable  levels  of 
volatiles  in  outgassing  tests.  Radiation  levels 
in  space  are  such  that  significant  degradation  of 
matrix  materials  is  unlikely  to  occur  over  cur¬ 
rently  projected  spacecraft  lifetimes  (Ref.  48) 
and  the  major  factors  influencing  dimensional 
stability  are  temperature  variations  and  the 
effects  of  moisture  absorbed  prior  to  launch. 

5,3,3  Thermal  Expansivity,  By  careful  laminate 
design,  the  low  axial  expansion  coefficient  of 
carbon  fibres  can  be  exploited,  despite  the  high 
degree  of  anisotrpy  and  the  relatively  large 
expansion  of  matrix  resins  (  -  50  x  10®  ®C“^) ,  to 
produce  laminates  with  in-plane  expansion 
coefficients  close  to  zero. 

Detailed  measurements  of  thermal  expansion 
coefficients  for  various  types  of  laminate  are 
described  in  References  49  to  52  and  represen¬ 
tative  values  are  shown  in  Table  3  for  unidirec¬ 
tional  and  pseudo-isotropic  laminates  made  with 
three  grades  of  fibre  -  high  strength, 
high  modulus  and  ultra-high  modulus. 

Figure  5  (Ref, 46,  Vol .  2)  shows  that  there  is 


Figure  5.  Coefficients  of  Expansion  for  Cross- 
Ply  Laminates  as  a  Function  of 
Temperature 

only  a  small  temperature  dependence  for  the 
expansion  coefficients  of  (0.90)^  laminates  over 
the  range  of  temperatures  likely  to  be 
experienced  in  spacecraft  components  so  that  some 
confidence  may  be  attached  to  the  design  of 
thermally  stable  structures  from  CFRP. 
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The  magnitude  of  thermally-induced  dimensional 
changes  has  been  studied  by  Goggln  (Kef.  53)  and 
Preund  (Ref.  54)  In  relation  to  spacecraft 
applications.  The  main  conclusions  from  these 
investigations  are  that  carbon  fibre  composites 
^  provide  adequate  stability  for  components  required 
to  maintain  moderate  dimensional  tolerances,  such 
as  microwave  antennas  and  some  metering  structures, 
but  that  thermally-induced  changes  are  too  large 
for  the  construction  of,  say,  optical  reflectors. 

^  One  reason  for  this  Is  the  relatively  large  expan¬ 
sion  coefficient  perpendicular  to  the  plane  of  a 
laminate  which  is  determined  primarily  by  the 
matrix  expansion.  Kedward  (Ref.  55),  has  analysed 
the  distortion  that  can  occur  in  laminates  as  a 
.■*  result  of  temperature  changes. 


5.3.4  Moisture  Effects.  A  topic  to  which  con¬ 
siderable  attention  has  been  directed  in  recent 
years  has  been  the  possible  effects  of  absorbed 
moisture  on  the  properties  and  behaviour  of 
CFUP.  For  spacecraft  the  major  concern  arises 
from  the  difficulty  of  protecting  resin-based 
materials  from  moisture  absorption  during  storage 
on  Earth  and  the  possibility  of  irreversible 
changes  accompanying  the  loss  of  vapour  after 
launch  The  effect  of  moisture  absorption  on  the 
mechanical  properties  of  CFKP  has  been  reviewed 
in  a  recent  ESTEC  contract  (Ret.  56).  Exposure 
to  high  relative  humidities  causes  those 
mechanical  properties  controlled  by  the  matrix 
to  decrease  and  the  effect  is  more  serious  at 
high  temperatures.  Properties  dominated  by  the 
fibres  tend  to  recover  when  water  vapour  is 
removed,  but  transverse  properties  do  not  return 
to  their  pre-exposure  levels.  The  degradation 
appears  to  be  due  to  absorbed  water  causing  the 
resin  to  swell,  possibly  giving  rise 
micro-cracking  and  disruption  of  the  fibre-resin 
bond.  Any  degradation  of  the  fibre-matrix  bond 
would  be  expected  to  influence  shear  behaviour 
sensitively  and  Figure  6  (Ref.  57)  illustrates 


*  Figure  6.  Fatigue  lives  of  CFRP  under  constant 
shear  strain  amplitude  cycling  after 
Various  treatments 


the  effects  of  water  immersion  and  subsequent 
drying  on  fatigue  life  under  constant  amplitude 
Shear  strain  cycling. 

As  might  be  expected  from  a  resin  swelling  pheno¬ 
menon*  the  absorption  (or  desorption)  of  moisture 
has  a  significant  Influence  on  dimensional 


stability.  Reference  43  quotes  a  linear  expan- 
Sion  of  20  ppm  in  the  plane  of  a  (0/45)g  laminate 
made  with  GY70  fibre,  and  1400  ppm  along  the 
normal  to  the  plane  during  a  period  of  -140  days 
exposure  to  a  relative  humidity  of  50%  at  24  C. 

It  may  therefore  be  necessary  to  store  critical 
components  in  a  moisture-free  environment  prior 
to  launch,  or  to  seal  the  surface  with  an  imper¬ 
meable  membrane.  Metal  foils  or  vapour  deposited 
coatings  may  bo  effective  and  Figure  7  illustrates 


Figure  7.  Dimensional  changes  lor  foil- 
covered  and  unprotected  CFRP 
exposed  to  moisture 


the  improvement  to  be  gained  by  covering  the 
surface  of  a  CFRP  test  piece  with  aluminium  foil 
(Ref,  43). 


5.3.5  Tribological  Properties.  Extensive 
studies  of  the  tribological  characteristics  of 
CFRP  have  been  conducted  by  Lancaster  and  his 
coworkers  (Refs.  58,59).  These  show  carbon 
fibre  reinforced  epoxide  resins  and  some  rein¬ 
forced  thermoplastics  to  have  extremely  low 
coefficients  of  friction  and  rates  of  wear  when 
eliding  against  a  steel  counterface  In  both 
lubricated  and  non-lubricated  conditions.  So 
far,  there  has  been  Tittle  commercial  exploita¬ 
tion  of  the  tribological  properties  of  carbon 
fibres,  but  their  ability  to  operate  under  dry 
conditions  make  them  a  candidate  for  spacecraft 
use  provided  that  other  components  can  be 
protected  from  wear  debris  that  is  electrically 
conductive.  Gotch  (Ref.  60)  describes  experience 
with  CFRP  gears  in  rail  transport  and  Reference 
61  describes  the  processing  of  a  carbon  fibre 
reinforced  plastic  intended  for  gear  applications 
In  spacecraft. 


5.3.6  Applications  of  CFRP^  The  principal  uses 
of  CFRP  in  spacecraft  thus  far  have  been  for 
components  rather  than  spacecraft  structures  and 
where  combinations  of  weight  saving  and  dimen- 
slonal  stability  give  advantages  over  conventional 
materials.  One  of  the  earliest  significant  com¬ 
ponents  to  be  launched  was  the  high  gain 
for  the  Viking  spacecraft  mission  to  Mars  in  197 
which  consisted  of  carbon  flbre/epoxy  resin  skin, 
bonded  to  an  aluminium  honeycomb  core  (Ref.  62). 
Factors  in  the  design  of  the  Marots  L-band 
antenna,  of  similar  construction,  have  been 
described  by  Jones  (Hof.  63).  The  testing  of 
the  Marots  antenna  and  some  of  the  materials 
problems  encountered  in  its  development,  have 
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been  described  by  Dunn  and 

l^ntitnL  I  s-lil  of  carbon  fibre  stiffen- 

oi  an  aluBlnium  nember  of  the  antenna  support 
jt  +hA  Intelsat  V  East  and  West  spot 
structure  and  fibre  construe- 

SMMt-A  ■BtAlllte  l«  *lvBb  1“  HBference  «5- 

"incipal  material  Of  connection  sincere, 
linear  expansion  coeKlcie  ^nd  the 

“*  orCFRP  can*effect  a' fivefold  saving  in 
"’teht  tL  wer  reports  tests  on  thermal  and 
weight.  The  pap  P  Indicates  that  approxi- 

-iv!c«  have  operated  successfully  in 
orbit  for  more  than  two  years. 

•“  x;  -r 

CAP-l—  1"  ^ 
“^^cUrlirhave  been  reviewed  by  Armstrong  and 
Johnson  (Bef.  68). 

^eCTRP^  in“spacecM«  ’  a^'tonmerous  to  review 
further  reading. 

6,  future  possibilities 

r.T-.ir.r 

'x- 

of  fibre  required  for  such  purposes  are 

“X  x.r.  rr 

•'“t;.:??.;"'.  ?" 

on  Birth,  considerable  attention  is  now 

"iiibfiuro"’ciirtiiiic«-h'rarr^^^  r 

“ri,xr  u*r  ir::  “ 

“m™ 

x:!.~  T"";  ”■ 

^  wadlo-telephonlc  communications  and 

.B«- «;  “".xv.;.;  ““.ribtwA. 

apace  manufacturing  **®^“^i**  The 

.«dtr.nsml.sio^to^..rth^of^.°l«~^^«|;^^ 

latter  ooul  the  snectrum  to  llluml- 

in  the  visible  ‘‘’•'I  ""diatlon  in 

nate  say,  city  areas  at  nigh  -  growth 

the  visible  and  “ 

in  selected  areas  (Refs.  69,70,71). 

A  major  subject  currently  under 

the  possibility  of  constructing  a  5  GW  so 


oower  source  in  geostationary  orbit  by  the  end 
nie  lllllry  (Lfs.  72,73.74).  The  support 

structure  for  the  solar  collectors/converters 
lllld,  according  to  one  concept,  occupy  an  area 
of  82  km2.  and  weigh  -36.000  tonnes,  f 
is  only  a  small  fraction  of  the  mass  of  a  Torres 
trial  power  station  of  comparable 
since  the  existing  Shuttle  is  capable  of 
oS  25  tonnes  into  orbit,  the  achievement  of 
larae  solar  power  sources  will  depen 
l“e!olle“  ot  launch  vehicles  of  much  larger 
carrying  capability  and  >»“ch  lower 

unit  weiaht.  The  economics  of  carrying 
IZ  H^Ltu^fwork  in  low  earth  orbit  and  subse¬ 
quently  ““’■’sturierCRL.  76). 

rrarrros:riir:.rw^^^^^^^ 

rrr.s:;^r;r.sn:l 

forces  on  the  noon  would  considerably  'c**"®® 
\ZIZ  costs.  Apart  from  the  -/ 

sLrcrTreductiorin’the  costs  of  photovoltaic 
reUsVtwo.  or  three,  orders  of  magnitude  will 
be  required. 


6.1  Beam  Building  Experiments 

Several  schemes  have  been  proposed  for  manufac¬ 
turing!  it  space,  the  basic  structural  elements 
ftom  tilch  space  platforms  f 

Most  are  based  on  a  triangular  truss  (Figure  ) 
produced  automatically  by  a  machine  located 


CORD 

OIAOONAL 
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Figure  8.  Example  of  beam  envisaged  for 
in-space  fabrication  (from 
Bef.  43) 

*.,A  Shuttle  Orblter.  Such  machines  would  be 

“..r.  “<  pS«.n.  p—  •'  •»»  r‘;Sp.r.‘ 

and  platforms  could  be  constructed  linkl»S 
parallel  beans  with  cross-beams  of  identica 
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construction.  The  most  advanced  development  is 
an  experimental  machine  built  by  Grumman  (Ref.  77) 
which  uses  coiled  aluminium  strip  as  feedstock  and 
roll-forms  it  into  stringers  to  which  are  attached 
cross-braces  by  spot-weldihg.  A  possible  problem 
With  aluminium  is  the  thermal  distortion  that 
could  arise  as  a  result  of  temperature  differences 
when  only  one  surface  of  the  structure  receives 
radiation  from  the  s..r.  Carbon  fibre  composites, 
on  account  of  their  very  low  longitudinal  thermal 
expansion  coefficients,  offer  a  solution  to  this 
problem.  Table  5  (from  Ref.  43)  compares  the 
thermal  deflections  for  various  materials  and 
coatings  at  one  end  of  a  200  m  cantilever  of  tri¬ 
angular  cross-sections  when  two  surfaces  are 
exposed  to  solar  radiation  and  one  is  in  shadow. 

It  appears  likely  that  in  practice,  in  contrast 

to  demonstration  experiments,  large  structures 

will  be  built  from  carbon  fibre  materials  rather 
than  light  alloys  and  one  study  (Ref.  78),  by 
General  Dynamics  Convair  Division,  envisages 
structural  elements  thermoformed  in  space  from  a 
carbon  fibre  reinforced  thermoplastic,  where 
joining  could  be  accomplished  by  ultrasonic  weld¬ 
ing  techniques.  An  Important  step  in  the  beam 
building  programme  is  the  plan  ~1983  to  erect  a 
trial  structure  10  m  x  30  m  in  orbit  with  the 
machine  located  in  the  Shuttle  (Figure  9) . 


Figure  9.  Illustration  of  the  fabrication  and 
assembly  of  a  200  m  long  platform  by 
a  beam  building  machine  located  in 
the  Shuttle  Orbiter 


keys  to  lower  prices  and  although  a  development 
such  as  the  Solar  Power  Satellite  could  lead  to 
a  dramatic  expansion  from  the  present  world 
market  size  of  ~3-400  tonnes  per  annum,  the 
advent  of  the  SPS  is  much  too  problematical, 
to  enable  credible  predictions  to  be  made.  A 
somewhat  less  tentative  basis  for  anticipating 
a  significant  Improvement  in  market  potential 
comes  from  the  automotive  industry’s  current 
interest  in  weight  reduction  and  Table  6  (Ref. 

79)  gives  one  assessment  of  the  relative  size 
ef  markets  for  carbon  fibre  in  the  future. 

In  addition  to  saving  weight,  the  ability  to 
mould  complex  one-piece  components  in  CFRP  can 
show  a  net  cost  saving  over  forms  of  construc¬ 
tion  involving  assembly  of  a  large  number  of 
metal  components.  As  an  example,  Lubin  and 
Dastin  (Ref.  80)  have  described  in  detail  the 
fabrication  and  testing  of  the  main  landing  gear 
strut  door  for  the  F-14A  aircraft.  They  have 
concluded  that  the  use  of  carbon  fibre  results 
in  a  10%  weight  saving  and  that  a  15%  cost 
reduction  over  aluminium  alloy  Is  possible  in 
production.  Costs  for  the  production  of 
composite  components  for  the  aircraft  Industry 
have  been  analysed  by  Reinert  and  Meade  (Ref. 

81)  who  have  concluded  that  dfespite  rising 
materials  ,  labour  costs  and  Inflation, 
improved  manufacturing  techniques  and  parts 
integration  will  lead  to  a  continuing  downward 
trend  in  the  cost  per  kg  of  composite  structure. 


5.2  F u tuTfi  Price  Structure 

A' 'hough  it  is  acceptable  to  pay  a  higher  premium 
t->i'  weight -f^avlng  materials  in  spacecraft  than  in 
most  other  eiigi lowering  structures  the  price  of 
ca  ‘  ‘11  libres  is  clearly  a  factor  that  will 
determine  the  extent  of  their  use.  Prices  have, 
in  fact,  fallen  by  an  order  of  magnitude  since 
the  fibres  were  first  introduced  commercially. 

It  is  not  within  the  scope  of  this  article  to 
examine  probable  price  levels  in  the  future,  but 
it  is  at  least  pertinent  to  consider  what  factors 
may  lead  to  further  reductions.  The  size 
stability  of  the  market  are  almost  certainly  the 
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Table  1.  Approximate  Properties  of  Major  Carbon  Fibre  Types 


Fibre  Type 

Precursor 

Young  *  s 
Modulus 

GNm“^ 

Tensile 

Strength 

GNm“^ 

Diamet er 

pm 

Density 

,  -3 

kg  m 

Strain  to 
Failure  a/E 

% 

Longitudinal 
Expansion 
Coefficient* 
x  10“® 

High  strength 

PAN 

200-250 

2. 5-3.0 

8 

1770 

~  1.2 

-0.75 

High  modulus 

PAN 

300-360 

1.7-2. 5 

8 

1900 

^  0.6 

) 

Rayon 

390 

1.9 

1860 

~  0.5 

)  -1.25 

Pitch 

380 

1.4 

^  0.4 

) 

Ultra-high 

PAN 

530 

1.7 

1960 

^  0.3 

modulus 

(hot -stretched) 

Rayon 

525 

2.5 

1820 

^  0.5 

"6  o  “1 

Transverse 

expansion  coefficient 

-w20x  lO' 

°C  (Ref . 

91) 

Table  2.  Typical  Mechanical  Properties  for  Uni¬ 
directional  Carbon  Fibre  Composites  Con 
tainlng  ^60%  Fibre  by  Volume  (Ref. 46  ) 


Property 

Hlah 

Strength 

Fibre 

Composite 

High 

Modulus 

Fibre 

Composite 

Very  High 
Modulus 

Fibre 

Composite 

Long  tensile 

modulus  GNm 

124-172 

200-290 

290-350 

Transverse 
tensile  modulus  " 

6.9-9. 0 

6.1-7. 6 

5. 9-6. 8 

Long  tensile  ^ 

strength  MNm 

1240-1520 

550-1020 

460-1540 

Trensverse 
tensile  strength 

16-53 

13.8-50 

17-31 

-3 

Density  kg  m 

1 , 54x10^ 

1.61x10^ 

1.63x10^ 

Table  3.  Representative  Thermal  Expansion 

Coefficients  for  ~60  v/o  Fibre  Composites 
(Ref,  43) 

High 

High 

Very  High 

Strength 

Modulus 

Modulus 

Type  of  Laminate 

Fibre 

Fibre 

Fibre 

Composite 

Composite 

Composite 

Unidirectional 

Longitudinal 

-0.7 

-0.8 

-0.9 

Transverse 

29.2 

29.2 

28.8 

Pseudo-isotropic 

Longitudinal 

2.2 

0.6 

zero 

Transverse 

2.2 

0.6 

Si  zero 

Table  4.  Typical  Applications 

Spacecraft 

for 

CFRP  in 

Appllcat ion 

References 

Antennas  -  fixed 

62, 

82, 

63,  64,  65, 

84,  85 

Antennas  -  deployable 

68 

Microwave  filters  and  wave¬ 
guides 

66, 

82 

Pressure  vessels 

86, 

87 

Booms  for  deploying  equip¬ 
ment  from  spacecraft 

46, 

88 

Supports  for  optical  and 
microwave  components 

89, 

90 

Optical  telescopes  and 
benches 

43 

Rocket  motor  cases 

Thrust  cones 

Solar  panel  support  frames 
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Table  5.  Deflections  of  a  200  m  Cantilever  Beam  Exposed 
to  Solar  Irradiance 


Material 

Surface 

Coating 

C.T.E. 

AT  (max) 

°c 

Tip 

Deflection 

n 

Aluminium 

White  paint 

22 

57 

16.45 

Carbon  fibre/ epoxy 

High  strength  fibre  (Type  AS) 

White  paint 

Bare 

2.6 

2.6 

57 

140 

1.95 

4.78 

Very  high  modulus  (Type  GY-70) 

_ ...  .  ■■  ■  ..  i,....  ■  — 

White  paint 

Bare 

0.2 
.  0.2 

57 

140 

0.14 

0.32 

Table  6. 

Pattern  of  Growth  for 
Carbon  Fibres  in 

Major  Markets  (tonnes) 

Market 

1975 

1980 

1985 

Aerospace 

40 

130 

720 

Automotive 

N® 

900 

11,200 

Other 

50 

500 

2,000 

Total 

90 

1,530 

13,720 

Source:  Industry  estimates 

a  -  negligible  or  none 
b  -  sporting  goods,  EDP  equipment  etc. 
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PAINTS,  POTTING  COMPOUNDS  AND  SILICONE  VARNISHES  WITH  LOW  OUTCASSING 

IN  SPACE  ENVIRONMENT 

J  C  Guillaumon  &  J  Guillin 

Centre  National  (TEmdes  Spaliales.  Toulouse.  France 


ABSTRACT 

With  ^  purifying  process  developed  at  the  Cent  re 
National  d'Etudes  Spatiales  wo  have  produced  paints, 
potting  compounds  and  varnishes  with  low  outgassing 
under  vacuum.  Paints  were  made  from  purified  sili¬ 
cone  -  coated  binders  showing  a  good  stability  un 
de*r  U.V.  irradiations.  These  paints  may  be  cold 
coating  (0(/e  about  0,20)  or  hot  coatings  {d/E  about 
1)  .  their  thermo-optical  and  outgassing  properties 

are  studies  ;  environment  tests  (thermal  cycling, 
moisture  resistance  and  U.V.  irradiations)  are  also 
carried  out. 

Silicone  products  usable  as  adhesives  for  bonding 
filters  on  solar  cells,  potting  compounds  for  elec 
tronic  modules  mastics  and  isolation  varnishes, 
etc...  have  been  obtained  by  the  same  purifying 
process.  Mechanical,  optical  and  outgassing  proper 
ties  are  also  studied. 

Keywords  :  paints,  conductive  paint,  silicone, 
purified,  outgassing 


1 .  INTRODUCTION 

The  organic  products,  polymer  resins  are  often  used 
in  space  technology  because  their  specific  proper¬ 
ties  are  practicaly  vrithout  equivalent  :  mechanical 
and  electrical  properties  and  also  lightness. 

These  products  are  used  like  potting  compounds, 
adhesives,  binders  for  paints. 

inconvenience  of  organic  products  is  their  outgas¬ 
sing  under  vacuum  if  they  are  conpare  to  mineral 
products . 

Indeed,  many  commercial  resins  do  not  satisfy  selec¬ 
tion  criteria  which  are  used  :  a  material  which  is 
heated  at  125'>  C  under  vacuum  <10  , 

24  h  does  not  have  a  weight  loss  >1  %  and  toe  vo 
tile  condensable  materials  (V.C.M.)  at  25  C  are  not 
>0,1  %  of  initial  weight. 

Sometimes,  it  is  possible  to  reduce  the  weight  loss 
and  V.C.M.  with  particular  cures  :  heating  under 
hight  vacuum  for  example. 

our  .work  has  been  to  obtain  low  outgassing  materials 
by  purification  of  commercial  resins  present  y 
cone  resins  which  do  not  need  any  particular  trea  .- 


ment  to  be  used. 

in  this  paper,  wo  sluill  study  purification  inf luemy 
on  weight  loss  and  V.C.M.  and  then  wo  shall  give  the 
properties  of  obtained  products. 

2.  PURIFICATION  INFI..UKNCY  ON  VACUUM 
WF.  IGHT  LOSS  AND  V.C.M. 

We  ascertain  that  the  outgassing  products  of  commer¬ 
cial  resins  are  composed  of  uncleanness,  light  mo  e 
cules  and  oligomers  which  may  be  eliminated  by  puri¬ 
fication  , 

in  the  past  we  used  distillation  methods  with  a  me¬ 
chanical  pumping  system  (ref.  1)  but  this  did  not 
give  satisfactory  results  because  resins  had  to  be 
heated  at  250"  C  which  is  very  close  to  the  silico- 
nes  decomposition  temperature. 

IITRI  (ref.  2,3)  has  purified  RTV  602  of  General 
Electric  Co  by  this  method.  The  distillation  parame¬ 
ters  were  :  tLperature  150"  C,  pressure  lO'^  torr 
and  cure  time  24  hours. 

We  have  obtained  different  degrees  of  purety  related 
to  the  number  of  cures  with  our  method.  We  have  stu¬ 
died  influency  of  number  of  purification  in  relation 
to  total  weight  loss  (T.W.L.)  and  percentage  of  V.C. 
M.  for  RTV  141  producted  by  Rhone  Poulenc. 

The  purified  resin  has  been  reticulated  wito  10  li  of 
the  weight  of  catalyst  141  B  and  the  polymerisation 
has  been  made  at  room  temperature . 

The  values  of  weight  loss  and  V.C.M.  are  shown  in 
Table  1.  The  curves  concerning  influency  of  the  num¬ 
ber  of  purification  are  given  in  appendix. 

Table  1 


Number  of 
purifications 

Total  weight 
loss  {%) 

V.C.M.  at  25“  C  (%) 

0 

1.27 

0.40 

1 

0.69 

0.22 

2 

0.43  I 

0.12 

3 

0.33 

0.08 

4 

0.41 

0.05 

5 

0.37 

0.05 

Proi 
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These  results  show  that  total  weight  loss  and  V.C.M. 
are  greatly  decreased  from  the  first  purification 
and  at  the  third  cure  we  consider  that  the  result 
is  satisfactory.  The  next  cures  improve  only  slight 
ly  the  results, 

3.  OBTAINED  PRODUCTS 

3.1  —  Potting  ccjn^ouncls  and 

we  have  used  our  purification  method  (three  succes¬ 
sive  cures)  for  miscellaneous  commercial  products. 
Table  2  gives  results  and  conditions  of  curing  for 
T.W. L.  and  V.C.M.  of  purified  or  not  purified  resins 
and  varnishes. 

Tlie  purification  does  not  bring  dkx)! fications  tor 
their  mechanical  or  electrical  properties  ;  we  have 
only  observe  an  increase  of  viscosity  of  not  reticu- 
lated  resin. 

3.2  -  Paints 

With  two  purified  silicone  binders  we  have  prepared 
two  white  paints  and  one  black  paint. 

X  ’  ^SG  120  FD  CNES.  The  composition  of  this 
paint  is  the  sa^^iTThTE:  PSG  120  ASTRAL  ;  the  binder 
is  RTV  121  purified. 

-  thermo-optical  property 

solar  absorptance  6(s  = 

*.  hemispherical  emittance 


0.88 


accelerated  acl^eing 

“i^isture  resistance  f  after  five  days  in  a  hot 
■  and  humid  atmosphere  (90»  C,  90  %  H.R.)  the  coa¬ 
ting  shows  no  failures,  not  even  tiny  unstuck 
spots 

.  thermal  cycling  under  vacuiuii  10 

after  200  tliermal  cycling  (cycle  time  1  h  30) 
between  -*  I CK.)®  C  and  i  100''  C  it  has  no  cracking 
of  the  surface 


outgassing  test  :  three  series  of  PSG  120  FD 
paint  were  prepared  from  three  series  of  Pun- 
fled  binders  and  application  was  made  to  thin 
sheets  of  aluminium  alloy  coated  with  P  128 
ASTRAL  primer.  Results  are  shown  in  table  3  and 
it  is  possible  to  compare  with  PSG  120/P  128 
cure  at  room  temperature  : 

T.W.L.  at  125°C  =  1.3  %  to  1.4  % 

V.C.M.  at  2'3°C  -  0.2  % 

Table  3 


Drying 

conditions 

T.W.L.  (%) 

120h/t.a. 

0.70 

120h/t.a. 

0,79 

120h/t.a. 

0.80 

120h/ta+24h/60‘’C 

0.43 

120h/ta+24h/60-C 

0.49 

120h/ta+24h/100‘C 

0.24 

120h/ta+24h/10O'C 

0.24 

V.C.M.  (%) 


0.03 

0.05 

0.03 

0.03 

0.03 

0.02 

0.03 


.  U.V.  resistance  : 

after  UV  irradiation  of  1000  esh  at  25®  C  i 

^(Xs  =  0*06 

after  UV  irradiation  of  1000  esh  at  25  C  then 
72  h  at  atmospheric  environment  :  AOCg  =*  0.011 

3.2.2.  Si  CNES  paint.  This  paint  has  been  complete¬ 
ly  conceited  at  CNES  ;  the  binder  is  purified  R4- 
3117.  The  paint  properties  applied  without  primer 
on  aluminium  alloy  (AU4G)  follow  : 

_  thermo-optical  measurements 

V  solar  absorptance  C{  g  -  0.20  +  0.02 
.  hemispherical  emittance  £  =  0.86 

-  accelerated  ageing 

moisture  resistance  :  after  five  days  in  a  hot 
and  humid  atmosphere  (90®  C,  90  %  H.R.)  the 
coating  shows  no  failures i  not  even  tiny  uns¬ 
tuck  spots 
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thermal  cycling  under  vacuum  (< 
ter  200  thermal  cycling  (cycle  time  1  h  30) 
between  ~  100®  C  and  +  100®  C  it  has  no  cracking 
of  the  surface 

climatic  +  thermal  cycle  accumulated  tests  :  sa¬ 
me  conditions  as  above  :  it  has  no  cracking  of 
the  surface 

outgassing  tests  :  Si  paint  with  and  without 
p  123  ASTRAL  primer  has  been  tested,  both  types 
dried  during  five  days  at  room  temperature 

without  primer  : 

T.W.L.  at  125®  C  =  0.09  % 

•  V.C.M.  at  25®  C  0.02  % 


with  primer  : 
T.W.L.  at  125® 
V.C.M.  at  25® 


0.09  % 
0.02  % 

0.45  % 
0.00 


,  U.V.  resistance  : 

after  UV  irradiation  of  lOOO  esh  at  25'’  C  : 

AKs  -  0.15 

after  UV  irradiation  of  lOCX)  esh  ^^  25'  C  then 
72  h  at  atmospheric  environment  =0.11 

3.2.3.  S2  CNES  paint.  Like  Si,  this  paint  has  been 
conceiv^at  CNES.  The  binder  is  purified  R4-31W. 

The  properties  of  this  black  paint  applied  without 
primer  on  aluminium  alloy  (AU4G)  follow  : 

-  thermo -optica 1  measurements 

.  solar  absorptance  CK  s  ~  t. 

,  hemispherical  emittance  S  “  0.90 

-  accelerated  ageing 

.  moisture  resistance  :  after  five  days  in  a  hot 
and  humid  atmosphere  (90°  C,  90  %  H.R.)  the  coa¬ 
ting  shows  no  failures,  not  even  tiny  unstuck 
spots 

.  thermal  cycling  under  vacuum  (  < 

after  200  tliermal  cycling  (cycle  time  1  h  30) 
between  -  100®  C  and  +  100®  C  it  has  no  cracking 
of  the  surface 

climatic  4  thermal  cycle  accumulated  tests  :  sa¬ 
me  conditions  as  above  ;  it  has  no  cracking  o1 
the  surface 

.  outgassing  tests  :  S2  paint  with  and  without. 
p  123  A,5TRAT.  primer  has  U'cn  testotl,  both  type's 
dried  during  five  days  at  room  tem];>oraturo 

without  primer  ; 

T.W.L.  at  125®  C  =  O.dV  ‘I 

V.C.M.  at  25®  C  =  0.04  % 

with  primer  : 

T.W.L.  at  125®  C  =  2.92  % 

V.C.M.  at  25®  C  =  0.04  % 

.  U.V.  resistance  : 

after  UV  irradiation  of  lOOO  esh  at  25  C  . 

•  '  A0<  a  =  0.005 

after  UV  irradiation  of  1000  esh  at  25°  C  then 
72  h  at  atmospheric  environment  A(Xs  -  0.003 

3.2.4.  CNES  white  conductive  paint.  This  paint  is 
■*  presently  helnil  deveiopped  and  Lt  is  not  quite  qua  i 
fied’.  The  birKier  is  pvn  i  fie<l  R-I-  UIV.  The  propert.v: 
of  tl.LS  paint  .ipplied  without  primer  on  .-ilnmiinnm 
alloy  (AU4t;)  are  the  followimj 

-  t)\e r mo-op  ti  c a  1  jm 

.  solar  absorptance  OC 
,  hemlspher.i cal  emittance  6  -  O.vt. 

-  G  loc  t rj  Ci'J  11*2 ’ 


DERTS  has  measured  surface  resistivity  and  sur 
face  potential  following  specifications  described 

in  ref.  4 

surface  resistivity  :  this  data  was  obtained 
with  1,10  and  40  Volts  at  atmospheric  pressure 

and  under  vacuum.  ^  w-. 

The  value  R  is  expressed  in/I/Q  (table  4)  . 

Table  4 

conditio^  iv"  10  V  40  V  I 

Al»air  ^  2.4  2.4  2.4 

24  h  sous  P<10"^  torr  2.2  2,2  2.2 

48  h  sous  PC  10~^  torr  2.4 _ 2,4  2.4 

72  h  sous  Pcl0“6  torr  2.4  2.4  2.4 

5  jours  sous  PClO-^torr  2.1  2.\  2.1 

surface  potential  :  electron  beam  energies  used 
during  irradiations  wore  10  KeV  and  20  KeV  of 
intensity  of  0.1  nA  and  2  nA.  Surface  potential 
are  given  in  the  table  5. 

Table  5 


Energy 

(keV) 

Intensity 

(nA/cm2) 

.Sur  face 
potential 

10 

0.1 

p  <  10  V 

20 

0.1 

P  <  10  V 

10 

2 

P  <  10  V 

20 

2 

p  <  10  V 

outgassing  test 
T.W.L.  at  1 2  5  ®  C 
V.C.M.  at  2'/’  C 


0.08  (room  temp,  cure) 
O.Ol  % 


.  U.V.  rcsisf.a]u;e  •  .  o  . 

after  UV  i rradi at.i on  of  lOOO  esh  at  2  > 

ACXs  0.12  .  .  ,  V 

af  ter  UV  .i  rr.ul.i  u  t.i  on  of  1000  esli 

72  h  at  af-mosph.'r.ie  environment.  ^>*or 


4.  CON(.‘l.USrONS 

In  this  paper  we  have*  sVtown  that  if.  iJ-  pt:!.!.--!  bl( 
obtain  low  outgassing  products  by  puri  i  i  cat.i  on  be¬ 
fore  reticulation  of  commG.rcial  silicone  rosins. 
This  purification  does  not  modify  the  propert.i.es  of 
polymerised  resins. 

paints  prepared  from  purified  binders  have  good 
thermo^optical  properties  and  stability  un  er  arcc 
lerated  ageing  with  the  exception  ot  SI  and  whit^ 
conductive  paint  which  are  degrade  during  U.f.  ic 
radiation. 

we  are  studying  Ih...  leplcKxnnont  of  binder 
in  order  to  improve  the  U.V.  rd  abi  I  i  ty  lor  tbirne 
|.)aint.s. 

Pol  white  conduei  .ve  p..inl  we  .ire  seaiehlng  lo  re 
dueo  nnUir  .ilisot  | ■)  anee  l>y  ni'.i  ng  ..Uiet  pigm'.n  ■' 

,,t  which  time  w  r.lMll  qualily  thin  I’ui'd  . 
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RTV  141  -  INFLURNCY  OF  NUMBER  OF  PURIFICATIONS 

1 .  Total  weight  loss 


number  of  purifications 


2.  volatile  condensable  materials 


67 


DISCUSSIC»4 


J.  Dauphin  (ESA/ESTBC)  : 

Dp  you  consider  NOT  methods  to  protect  against 
accid^tal  misprocessing  which  are  probably  the 
main  cause  of  accident  on  iwr '  s  potting  ? 

M.  1.  Mingos:  , 

At  the  current  time  the  appy^opriate  tei^m 
‘would  he  carefully  process  and  quality  control 
(QC]  during  TWT  fahincation  followed  by  an  exten-_ 
sire  huxn-in^  thermal  racuum  and  electrical 
performance  tests  rather  than  Some  of  the 

issues  we  wilt  be  studying  include^  : 

1)  Simplifying  the  construction  procedm-^es 
and  making  the  ^critical  materials  more  'forgiving* 
in  terms  of  process  .control* 

2)  Trying  to  understand  and  remove  latent 
defects  in  the'  materials  that  do  not  show  up 
early' as  'infant  mortality*  effects*  What  to 
expect  for  the  long  term  ( thousands  of  hours  of 
operation)  is  a  critical  question  to  be  addressed 
in  our  new  vrogramme* 

3)  WT  methods  will  be  considered  in  connec¬ 
tion  especially  with  such  issues  as  mentioned 

in  (2)  above. 

R.L.  Moss  (Ford  Aerospace)  : 

Are  you  looking  at  any  new  'materials  for 
potting  wr*s  ?  If  so,  which  ones  ? 

L*  Minges: 

As  I  mentioned  in  the  talk,  the  fiy^si 
activity  on  our  new  progy*amme  is  assembling  an 
anal yiica i  modelling  scheme  which  deals  adequa¬ 
tely  with  thz  combined  .eff(^^*ts  of  mechanical, 
theimat  and  electrical  variables* 

-  For  the  near  term  (2-3  years)  we  expend 
not  only  modifica tions  of  state-of-the-art 
materials  will  he  practical  (e.g*  perhaps  change 
in  type  and  amount  of  filler  materi-als  to  better 
balance  mechanical-thermal-electrical  properties) . 

-  For  the  longer  term  (3-S  years),  we  will 
consider  other  programmes  to  develop  truly  yiew 
materials*  High  adhesion  will  surely  he  an 
impoi^tant  feature  of  any  such  new  material. 


D.  Verdin  (Harwell)  : 

In  polymer  films  coated  with  conductive  oxides 
giving  low  surface  potentials  on  electron 
irradiation,  vyrtiat  is  the  fate  of  incident  electrons 
vyhich  have  sufficient  energy  to  penetrate  belcw 
the  surface  and  build  up  sub-surface  charged  layers? 

Jv.  L.  hehn: 

A.  Meulenherg  at  COMHAT  has  proposed  a  burioui 
sub-surface  charge  layer*  Fleotrct  is  a  known 
classical  material*  If  the  cub-surface  charge 
breaks  down,  *  treeing*  and  clouding^  in  FF.P  Teflon, 
for  example,  will  occur  with  toss  optical  and 
matex'ial  yn^opeid.  l  es*  In  addi..tion,  ij  sub—surjace 
breakdowns  occur,  mitcrial  will  be  ejected  and 


constitute  a  potential  contaminant  to  nearby 
surfaces*  People  at  UHAF  FSO  at  Cambrtdge  feel  that 
very  high  dielectric  fields  can  easily  ha  built  up 
in  most  dictectvic  materials  (lO^^V)  under  charging 
conditions  which  can  then  discharge  by  more  than 
one  i*oute*  That,  in  addition  to  surface  conductivity 
and  bulk  conductivity,  is  really  required  to 
prevent  charge  build-up  atid  subsequent  discharging* 


S.  Bosma  (ESTBC)  : 

What  will  be  the  future  policy  of  AFML, 
considering  spacecraft  charging?  Will  AETCi  still 
su£^rt  research  activities  in  this  field  of 
investigation? 

W,  h.  Lehn: 

AFML  will  continue  to  sponsor  work  in  the 
spacecraft  charging  materials  area,  dependent  upon 
relative  availability  of  funds  and  priorities*  This 
area  of  spacecraft  contamination  is  receiving 
increased  attention  and  therefore  the  funds 
available  fox' .  charging  are  lower* 

F.  Levadou  (ESTEJC)  : 

What  is  the  effect  of  temperature  on  the 
electrical  conductivity  of  conductive  glass? 

,W.  h*  Lehi: 

This  effect  has  not  been  measured  but  it  would 
be  eicpected  to  be  reduced  on  cooling.  The  materials 
were  used  in  a  'cold*  application  and  the  eleatxdcal 
conductivity  bxmld  he  lower  than  in  other 
app i icat ions . 

W.  Schaefer  (MBB)  : 

IS  the  electrical  conductivity  of  the  glass 
under  developinent  achieved  by  means  of  a  kind  of 
doping,  and  if  so  does  this  doping  not  reduce  the 
stability  of  the  glass  for  high-energy  space 
radiation? 

W.  L*  Lehn: 

The  glass  being  developed  is  a  doped 
lithium  borosilioate*  More  than  one  dopant  vs 
added.  The  high-energy  space  radiation  stabv'Uty 
of  the  final  formulation  is  exf>ected  to  be  good, 
but  will  have  tr>  he  evaluated  before  the  material 
can  be  appruved  fnr  appU^^ation.  There  vs  sUU 
a  significant  amount  of  deVeUqmient^  to  be  done 
before  any  apjd  f cif-iom:  ran  he  eemmr.ly 
considered* 

D.K,  Davies  (EHA  'jiechnolfxiy  Ltd)  : 

1)  Some  of  tyic.“  coatinejs  show  a  cjnler 
increase  in  resistivity  on  steerage.  Uj  you  have  mi 
explanation? 

2)  Aluminised  ixjlymer  films  ar(i  degrcjdef3  on 
electron  bombardinent  ewing  to  disci largo  erosion  of 
the  conductive  layer.  Dr^  you  envisage  similar 
problGm.s  with  Uio  iiKjtal --oxide?  cxjnductivo  layers? 
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DISCUSSION 


W.  L.  Lehn: 

1)  liarlu  aamplea  showed  an  inorease  tn 
reeiBtivUy,  but  later  specimens 
ahanges.  Measurement  teahmques  are  usMlly  only 
+20^  in  the  measurements  being  made.  Sampte 
preparation  is  important.  The  chamber  rmst  be 
aor^itioned  when  changing  from  one  coating  to 
another. 

■  2)  The  longest  instability  of  10  and  ITO  coatings 
under  electron  irradiation  hate  not  been  Jully  ^ 
investigated,  but  will  surely  have  to  be 
before  full  material  qualification.  There  i..  ai 
adhesioi  problem  of  ITO  and  1.0  to  FEP  'leflon  at  this 
time  and  this  is  of  greater  concern. 


L-P.  Preuss  (IIBB)  :  , 

Can  you  give  any  information  about  cra^ 
formation  in  the  ITO  on  polymer  foils 

FEP  Teflon  at  elevated  tertperati^s  (e.^  above 
80'^)?  If  so,  how  can  such  cracks  be  avoided? 

W.  .0.  Lehn:  ....  .1 

Crack  formation  has  not  been  specijically 
■investigated,  particularly  since  the  coatings  are 
transparent.  The  .ITO  and  TO  on  FdV  Teflon  are  prom 
to  reloval  by  hmdling  and  rubbing,  but  adhere  well 
to  Kapton.  This  will  have  to  be  examined. 


D.P.  Hall  (The  Aerospace  Corp.)  : 

YOU  stated  in  your  paper  that  Asttoqu^ 

exhibits  low  charging  levels  in  ground  tests.  I 

laboratories  using  the  custcrn^  D  -  10 
levels  of  incident  electron  beam  current  density, 
ms  intensity  is  usually  taken  as  repre^totive 
^maximum  arrival  rates  to  be  encounter^  during 
nagnetic  substorms  near  geosynchrono^  ^^t^. 
Hoover,  the  Satellite  Surface  f’tential^wtor 
(SSm)  portion  of  the  SCI  es^jeriment  on  PD8  2 
(9CMHA)  has  measured  charging  levels  of  severa 


kilovolts  on  the  flstroquarts  sairole  vhen  j  was  in 
the  10-100  10-11  to  lO-lOanp/cm^  range.  Subs^ently 
similar  charging  levels  on  Astroquarts 
dencmstrated  at  the  Aerospace  torp.  m  l^a^ory 
simulations  at  these  levels  (which  are  prob^  y 
itore  t^ical  of  geosynchronous  orbit  currait 
densities) . 

In  iw  view,  these  space  and  ground  results 
derronstrate  the  need  to  vary  j  over  the  10  o 
lO^^anp/cm^  range  in  dielectric  charging 
rreasurotents  associated  with  geosynchronous 
spacecraft  materials  test  prograimies . 

j.  Dauphin  (ESA)  :  , 

Could  glass  reinforced  by  carbon  f ibre  ^Ive 
the  problem  of  anisotropy  of  expansion  c^fficient 
of  reinforced  materials  and  the  absorption  of 
water  leading  to  deformation? 

D.  H.  Bowen: 

The  use  of  glass  as  a  matrix  certainly 
reduces  the  inter^ial  stresses  resulting  frc?m 
differential  expansion  coefficients 
matrix  and  the  lower  expansion  coefftci^ent  of  tne 
qlass  is  effective  in  reducing  the  anvsotropy  j.n 
expansion  behaviour,  compared  to  res^n 
Although  there  are  no  experimental  data,  revnforced 
glasses  would  not  be  expected  to  show  mo^sture 
absorption  effects.  The  same  could  be  sa^d.  of  metal 
matrix  composites  on  carbon/ carbon  compos^tes. 

I.  Stenzenberger  (Technochemie)  : 

Is  there  any  information  available  about 
property  changes  of  neat  resins  vhich  are  used 
for  graphite  corposites? 

D.  H.  Bowen:  .  ,  .  u.  •  r- 

The  literature  on  hydrothermal  degradat^on  oj 
composites  has  been  reviewed  recently  under  ESTEC 
contract  and  this  report  contains  references  to 
the  effects  of  moisture  on  hulk  resvns. 
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ABSTRACT 


Geosynchronous  satellites  in  general  will 
have  lifetimes  of  7  years  ahd  more.  Such 

require  a  reliable  thermal 
control  based  on  space  stable  SSM.  Flight 
measurements  showed  higher  Oif, -degradation 
than  measured  on  the  ground.  ’This  can  be 
explained  reasonably  assuming  in  flight  se¬ 
condary  degradation  effects  additionally 
to  colour  centers  formation.  By  means  of  a 
flight  experiment  on  the  LDEF  and  additio¬ 
nal  ground  experiments  degradation  of  ther¬ 
mal  coatings  (SSM  etc.)  developed  in  the 
F.R.G.  shall  be  investigated.  The  flight 
experiment  as  well  as  the  ground  experiment 
test  samples  and  values  to  be  measured  will  be 
bresented. 


public  of  Germany  shall  be  measured,  the 
coatings  under  investigation  shall  be  qua¬ 
lified.  j 

Additional  accompanying  ground  experiments 
shall  help  to  clarify  the  ig^fluence  of  se¬ 
condary  effects  on  the  total  cx:^ -degradation , 
especially  thg  influence  of  containination 
and/or  surface  charging  (surface  charging 
effects  are  negligible  small  in  the  low  al¬ 
titude  Earth  orbit  of  LDEF) .  By  means  of  the 
four  ground  experiment^  j 


EUV- investigation 
near  UV  solar  simulation 

-  Contamination  experiment 

-  Investigation  of  charging  effects 


Keywords:  degradation,  SSM,  combined  ef¬ 
fects,  contamination,  surface  charging 


each  of  the  different  effects  contributing 
to  the  total  (Xj-degradation  in  a  geostatio¬ 
nary  orbit  simultaneously  (combined  effects) 
shall  be  investigated  separatly. 


1 .  INTRODUCTION 


Advanced  communication  satellites  in  qene- 
ral  will  have  lifetimes  of  7  years  and 

Such  mission  periods  require  a  relia- 
control  of  the  satellites  which 
will  be  based  on  longterm,  space  stable 
thermal  control  coatings  with  low  0^.  V  - 
ratio  (0(^=  solar  absorptance ,  t,,  =  hemisphe¬ 
rical  emittance).  Even  the  so  called  Second 
Surface  Mirrors  (SSM) ,  the  most  stabli  low 

-coatings  yet  known,  showed  much  hiqhe 
0(s -degradation  in  flight  than  expected  and 
measuied  on  the  ground.  A  reasonable  expla¬ 
nation  of  this  discrepancy  between  flight 
ajtid  (round  measurements  can  only  be  given 
assuming  in  flight  secondary  degradation 
effects  caused  by  contamination  and  diffe¬ 
rential  charging  of  the  SSM  surface  as  well 
as  by  a  combination  of  both  effects  in  addi- 
Won  to  the  colour  center  formation  in  the 
dielectric  material  of  the  SSM  itself. 

By  means  of  a  suitable  flight  experiment  on 
the  LDEF  (Long  Duration  Exposure  Facility) 
the  critical  degradation  effects  of  selec¬ 
ted  thermal  control  coatings,  especially  of 
flexible  SSM,  developed  in  the  Federal  Re- 


2 ,  EXPERIMENT  OBJECTIVE 


The  objective  of  the  coating  and  contamina¬ 
tion  experiment  is  twofold: 


1 ,  Determination  of  the  combined 
effects  of 

-  UV-irradiation  especially 

o  near  UV  (down  to  1700  A) 
o  far  UV  (EUV  down  up  to  some 
100  A) 

-  Outgassing  and  resulting  con¬ 
tamination 

-  differential  charging 

on  special  thermal  coatings  (SSM) 
and  solar  cells  with  and  without 
Conductive  Coatings  (CC)  deve¬ 
loped  in  the  F.R.G.  with  the  ob¬ 
jective  of  the  preparation  of 


PviH  ceiliiufs  ofiui  ESA  Symposium  on  Span-craji  MiKcrUils,  fmhl  at  ESTEC.  2-5  Octohcr  h)79  ESA  SP-\45  {Dcccmhcr  !979). 


1.  PRl!l'SS&  W  SC'HM  l 


-  Design  criteria 

-  Techniques  and  testing  methods 

,  Soace  Qualification  of  all  coat- 
■  ings  under  investigation 


3.  flight  experiment 

.  1  components  to_b^Jj3ve^^ 

Within  the  £'^®"'®”°the°BMFT%FVLR-BPT  Va¬ 
gram  sponsored  by  the  d  (Ref.  1 

?ious  coatings  have^been^^^^  ^ 

qualified^’by  means  of  the  MBB  LDEF  exper 

Sent  defined  in  Ref.  3. 

These  are: 

flexible  SSM  consisting  of  12j  nm 

■  Sick  FEP-Tef ion  foil  with 

„  A9-Ke«1.0to. 

(Al.  0.  /IaS- 

°  front  f.o« 

flexible  SSM  consisting  Of  125  urn 

'  SIS  plp-Teflon  foil  with 

aa-Ref lector  and  Inconel- proteo- 

O  rear  side 

tion- layer  ^jiter  (AlzOa/ZnS- 

O  1  urn  PMMA- inter¬ 
layers)  above  a  j*  face 

mediate-layer  100-150  & 

®  SiS  on’?he  iSerference-f liter 

surface 

-  cobalt  black  selective  absorbers 

(CoS^) 

cally  connected 

in  addition  some ^wellhnown^referenc^  . 

samples  shal  flight  results, 

terpretation  “o  be  tested  are: 

Reference  components  to  u 

•  •  ISM  (OSR)  consisting  200  um 

-  ^hlS  fuLi  sUica  platelet  with 

o  Ag-ref  lector  and  M  F2  -  protec¬ 
tion-layer  on  the  rear  side. 


3,2  Measurements 

PoUo.ln,  value.  .0.11  be 

“»S^reiifbe'r.““  lb  obapter  3.3,, 

.  tbe  t..per»t»«/‘ 

tion  dose 

cai  degradation  as  a  function  of  mis 
slL  time  and  uv-radiation  dose 

-  the  short  circuit  =^rent^of ^the^solar 
ture^mtsstL^ime  and  UV-radiation 
dose 

_  the  amount  of  deposited^contaminants^^ 

n^®^trcristll  Mic^balance  (QCM);beat 
freSefey  fs^f  ?in"tion  of  niission  time 


-  Solar  cell  module 


.  uiaeb  paib.  Cbe.gla.e  3  30S  (sun  ..b' 
sor) 


1  •^  Experiment  design 

3.3.1  MgS^^"^°^piete^l^periment'^ls^shown  in 

sian  of  the  complete  P  4-rav  the  EX” 

Figure  1.  in  '''^®  ®conCol  Canister  (EECC) 
periment  Exposu  g^^ples  is  arranged 

with  the  activ  open 

on  the  tion)  exposing  the  samples 

(measuring  on  top  of  the 

L  the  space  'over  sheet  with 

left  side  ^'^®  gt  Samples  (same  type  like 
larger  passive  test  ^  Attaches  by  means  of 
the  active  samples)  batteries 

.«iu.  »bi=b  .ball  be 

measured  during  the  fligh  , 

-  0<  s  -degradation  measurement  samples 

o  2  solar  cell  modules  (4  cells^each) 

with  Conductive  CoatigJCC^^^^^^^^^ 

cover  glasses,  electrical  y 
o  1  solar  cell  module  (4  ceiis) 

o  TsSM'^with  interference  Filter  (IF) 
o  2  SSM  with  IF  +  CC 
o  1  SSM  without  IF 
o  2  CoSx  -Samples 

o  1  chLgS'z  306-sample  (black 
paint) 

-  contamination  measurement  samples 

n  1  OCM  cristal  surface  with  thin 
Ai?oV- layer  (outer  surface  of  SSM 

o  l'£M'^"^"^^^„:^^rsurface  S'sSM 

inp Os -layer  (outer  suria 
with  CC) 

in  suit- 
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The  passive  test  samples, (sample  size: 

90  X  lOOmmexcept  solar  cell  module)  that 
means  samples  which  will  be  measured  only 
before  launch  and  after  retrieval  on  the 
ground,  are: 

-  3  solar  cell  modules  (4  cells  each) 
with  CC  on  the  coverglasses  electri¬ 
cally  connected 

-  1  solar  cell  module  (4  cells) without 
CC 


-  4  SSM  with  IF 


4  SSM  with  IF  +  CC  (between  FEP  Teflon 
and  IF  a  very  thin  PMMA- layer) 


foil 


-  1  SSM  with  IF  +  CC  (without  PMMA- 
layer) 

-  1  SSM  without  IF 

-  4  CoS  ^-samples 

-*  1  OSR-sample  (OCLI) 

-  1  Chemglaze  Z  306-sample  (black 
paint) 


COMPONENTS  WEIGHT  (G) 


1  EECC  32900 

1  CALORIMETER  SUPPORT  934 

1  QCM-CALORIMETER  168 

9  COATING-CALORIMETERS  961 

3  SOLAR  CELL-CALORIMETERS  166 

1  BOTTOM  PLATE  11463 

1  COVER  +  COATING  SUBSTR.  4496 

1  ELECTRONIC  BOX  5537 

1  BATTERY  7,5  V  3490 

1  BATTERY  -28  V  3400 

1  BATTERY  23  V  3400 

2  QCMs  227 

CABLING  1133 

COATINGS  116 

MULTILAYERINSULATION  200 


TOTAL  WEIGHT  68891 


Table  1.  S  1002  Experiment  Weight  Break¬ 
down 


project  office.  A  detailed  thermal  design 
analysis  conducted  proved  the  feasibility 
of  the  concept.  Table  2  shows  the  most  es¬ 
sential  coating  data  of  the  48  node  model 
used  for  the  design  analysis  and  the  ther¬ 
mal  coatings  selected  respectively. 
Following  insulation  measures  have  been  ta¬ 
ken  in  addition: 

-  multilayer  insulation  between 


Figure  1.  LDEF  Flight  Experiment  S  1002 
Mechanical  Design 

The  weight  break  down  of  the  S  1002  Expe¬ 
riment  is  shown  in  Table  1 . 

The  total  weight  of  68.9  kg  is  well  below 
the  specified  upper  weight  limit  for  the 
tray  of  77.6  kg.  The  other  LDEF  System 
guidlines  given  in  Ref.  4  also  will  be 
fulfilled  by  the  experiment  (e.g.  lowest 
predicted  resonance  of  the  experiment 
mounted  on  a  firm  base  shall  be  >  50  Hz) . 

3*3.2  Thermal  design  A  passive  thermal  con¬ 
trol  concept  has  been  selected  so  that  a 
heat  path  from  the  outside  to  the  inside 
of  the  LDEF  exists  as  desired  by  NASA  LDEP 


o  coating  support  and  housing  of 
coating  calorimeters  A  and  B 
o  solar  cell  module  support  and 
housing  of  solar  cell  module 
calerimeter 

-  spacers  between 

o  coating  support  and  guard  ring  of 
coating  calorimeters  A  and  B 
o  guard  ring  and  housing  of  coating 
calorimeters  A  and  B 
o  solar  cell  module  support  and 

housing  of  solar  cell  module  calo¬ 
rimeters 

o  electronic  box  and  bottom  plate 

The  design  cases  for  the  thermal  design  are 
given  in  Table  3. 
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Table  2 . 


Most  essential  coating  data  of  the  selected  thermal  coatings 
(48  node  model) 


comiioimiMM 


NODE 

NO, 


IB 

2b 

3 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


node  description 


COATING 


cy 


EXT. 


EXT. 


-INT. 


21  . 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 


LDEF-INTERIOR 

LDEF'SIRUCTURE 

tray  SIDE  OPP.  7 

8 

9.  10 

11 

bottom' PLATE  EECC  DRAWER 

EECC  CANISTER 
7.5  V  BATTERY 
E-BOX 

+28/-28  V  DAT. 
EECC  CANISTER  RAD. SHIELD 
EECC  PRESS.  PL.  RAD.  SHIELD 
EECC  CANISTER 
EECC  DRAWER 
EECC  PRESSURE  PLATE 
7.5  V  BATTERY 
-28  V  BATTERY 
+28  V  BATTERY 
electronic-box 

COVER  TOP 


4  SIDES 


CALORIM.  SUPP.  EXT.  PART 
CALORIM.  SUPP.  INT.  PART 
OCM-CALORIMETER 

QCM  MEAS,  CRYSTAL 
EXT.  PARTS  OF  5  CALORIM. 

INT.  PARTS  OF  5  CALORIM. 


COAT.  CAL. 


COAT.  CAL.  B 


COLD  CASE  -II  *C  HOT  CASE  50  'C 

TACF-IS-C  HOT  CASf  60  .(L 


ANODIZED  At 


.15 


INT.  PARTS 
BLACK  PAINT 
EXT.  PARTS 
ANODIZED  Al 


,5 

SSM 

.36 

SSM 

.36 

CoSx 

/SOL. CELLS. 67 

BL. 

PAINT  .56 

.5 

A  COAT.  SUPP. 
GUARD  RING 

housing 

MLI  TOP 
MLl  SUPP.  PL. 
COAT.  SUPP. 
guard  ring 
housing 
MLI  TOP 
MLI  SUPP.  PL. 
SOL. CELL  CAL. COAT.  SUPP. 

1  HOUSING 

MLI  TOP 


ANOD  .  Al  /At 
ANOD.  Al  /Al 
MOST  ANOD.  Al 


BLACK  PAINT 


INT.  PARTS  BL.  PAINT 
EXT.  PARTS  Au 

ANOD.  Al 
ANOD.  Al 
ANOD.  Al  j  SSM 


ANOD.  Al 


ANOD.  Al 
ANOD.  Al 

EXT.  PART  SSM 
INT.  PART  Al -SlOx 

ZnS 

SSM,  BL.  PAINT 
OSR,  SOL.  CELLS 

Ni,  KAPTON,  Al  -SiOx 

SSM/AI  -S10x 
SSM/AI-SiOx 
PASSIV.  Ti 
Ni 

Al -SiOx 
CoSx/Au 
CoSx/Au 
PASSIV.  Ti 
Ni 

Al  -SiOx 

SOL.  CELLS/KAPTON 
BL.  PAINT/A)  -SiOx 
KAPTON 


.3 

.3 

.2 


.75 

.75 

.57 


.16 

.16 

.75 

.05/. 75 
.75 


.07 


.56 

.62 

.63 

.41 

.6 

.56 


.15 


.9 


.06 

.05 

.75 

.05-. 86 
.3-. 75 

.9 


.56 


T 

.27 

1 

.7 

.7 

.7 

.1 

.74 

.28 

.25 

.08 

.08 

,4 

.76 

.28- 

.05 

.1 

.74 

.28 

.1 

.74 

.28 

.78 

.18 

.18 

- 

.05 

»  ■ 

.23 

.96 

.09 

.03 

.96 

.09 

,03 

.78 

.18 

.18 

.05 

-  ' 

.28 

.75 

.79 

.6 

.97 

.9 

.28 

,75 

LDEF COATING  &  CONTAMINATION  EXPERIMENT 


Table  3.  Design  Cases  for  the  S  1002  Thermal  Design 

DESIGN  CASES 

•  COLD  CASE  NON-OPERATING 

-  LDEF  INTERIOR/  NODE  IB:  C 

-  LDEF  STRUCTURE/  NODE  2B:  -23*  C 

~  EARTH  RADIATION  ACC.  REF.  4/  TABLE  2.2/  SURF.  3  &  9 

-  SOLAR  RADIATION  ACC,  REF.  ^1  "THE  DIRECT  SOLAR  EXPOSURE 

OF  LDEF"/  FIG.  9/  SURFACES  ^/8/  2/10  =  0* 

•  COLD  CASE  OPERATING 

-  LDEF  INTERIOR/  NODE  IB  -7*  C 

-  LDEF  STRUCTURE..  NODE  2B  -15*  C 

-  EARTH  RADIATION  ACC.  REF.  ^1/  TABLE  2.2/  SURF.  3  &  9 

-  SOLAR  RADIATION  ACC.  REF.  I|/  "THE  DIRECT  SOLAR  EXPOSURE  01  IDEF" 

FIG.  9/  SUREACES  ^1/8/  2/10;  =  -30"/  30“ 

•  HOT  CASE  OPERATING 

-  LDEF  INTERIOR/  NODE  IB:  50“  C 

-  LDEF  STRUCTURE/  NODE  2B;  66“  C 

-  EARTH  RADIATION  ACC.  REF.  4/  TABLE  2,3/  SURF,  3  &  9 

-  ALBEDO  RADIATION  ACC.  REF/  4/  TABLE  2,3/  SURF,  3  &  9 

-  SOLAR  RADIATION  ACC.  REF/  4/  TABLE  2,3/  SURF.  3  &  9 


Figure  2  and  3  show  some  of  the  predicted 
orbit  temperatures  for  the  3  critical 
design  cases  defined  in  Table  3. 


Figure  2.  Predicted  Orbit  Temperatures  (°C)  for  the  EECC 
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^•^•3  Electrical  design. Ficrure  5  shows  the 
electronic  block  diagram.  On  the  left  side 
of  the  diagram  the  4  kinds  of  scientific 
measurements  executed  by  the  active  part  of 
the  experiment  can  be  seen,  that  means: 

“  solar  cell  short  circuit  current 
(2  X  ) 

temperature  measurements  (32  x) 

surface  resistance  measurements 
(2  x) 

-  beat  frequency  of  QCM's  (2  x) 

In  addition  to  these  measurements  some 
housekeeping  data  will  be  recorded  like 
voltages  and  temperatures  (not  shown  in 
the  diagram) . 

From  the  solar  cell  short  circuit  current 
a  threshold  signa]  is  generated  which  starts 
the  measurement  cycle  always  at  a  solar 
intensity  of  .0,5  solar  constants  when  the 
sun  is  rising.  All  the  analog  signals  get 
multiplexed  by  the  analog  multiplexer  (MUX) 
and  converted  into  digital  signals  (A/D). 
These  signals  and  those  from  the  QCM-fre- 
quency  counters  and  the  mission  time  coun¬ 
ter  get  multiplexed  by  a  digital  multiple-' 
xer  (MUX)  and  will  be  recorded  by  being 
programmed  into  an”Electrically  Alterable 
Read  Only  Memory" (EAROM) .  “ 

The  power  required  will  be  supplied  by 
three  batteries: 

two  batteries  for  the  measurement 
electronics  which  is  only  activated 
for  short  measurement  cycles  (ini¬ 
tiated  by  the  threshold  signal  ). 

~  one  battery  which  drive  the  timer 
continuously  up  to  a  1  year  mission. 


I  t  init'r  nctivat.os  the  thi.'cvshol d  electro¬ 
nics  at  predestinated  times  as  shown  in 
Figure  6. 

These  are  3  h,  6  h,  12  h,  1  day  and  so  on 
32  days  and  then  every  32  days  up  to 
256  days  after  the  opening  of  the  EECC 
drawer  which  happens  8  days  after  release 
of  LDEF  into  the  orbit. 

Depending  on  the  launch  date  there  can  be 
a  period  of  about  1 8  days  where  the  maximum 
solar  intensity  will  be  less  than  0.5  solar 
constants.  If  the  timer  wants  to  start  the 
experiment  at  such  a  time,  he  will  not  get 
a  threshold  signal.  The  timer  then  waits 
8  days  and  trie^j  again  to  start  a  measure¬ 
ment  cycle.  Tills  procedure  will  bo  conti¬ 
nued  (probably  not  more  than  two  times)  un¬ 
til  there  is  <^nough  sun  intensity  to  start 
and  execute'  a  moasuroment  cycle. 

Tlie  moasuroment  cycle  consie.ls  of  8  monsuro- 
monts  (64  data  words  each)  (‘very  2.8  minu¬ 
tes.  After  the  completion  of  tlie  8th  mea¬ 
surement  of  each  cycle  the  recording  will 
bo  stopped.  It  will  be  contiued  with  the 
QCM-beat  frequency  measurement  48  minutes 
later.  This  is  necessary  in  order  to  have 
a  period  without  sun  where  the  space  fac¬ 
ing  quartz  of  the  QCM  cools  down  to  the 
same  temperature  as  the  reference  quartz. 

The  dotted  line  shows  the  maximum  sun  inten¬ 
sity  diagram.  The  varying  sun  intensity 
does  not  create  steady  state  temperatures 
as  they  are  necessary  for  the  evaluation 
of  coating  degradation. 

These  values  only  can  be  derived  by  calcu¬ 
lation  with  the  results  from  transient  tem¬ 
perature  measurements  near  the  maximum  sun 
i.ntensity  (idierofore  8  mea'iu remen t: s  per 
•cycle)  , 


Figure  5.  Klectronic  Block  Di  ag  ram  i  >  f'  {.  lie  r,  i()()2  [.nid-  i-q  i  (ji,  i,  i-ixp,  >r  i  iii< 'n  I 
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Figure  6. 


Measurement  Time  Diagram  of  the  S 
Experiment 


1002  LDEP  Flight 


4 


4 .  GROUND  experiments 


5.  development  status 


Ollowing  accompanying  ground  experiments 
ill  be  conducted: 

f '  th.  IP«  CFr.»r,- 

hofer  Gesellschaft) 

°  thrPlight’^Experiienrwith  the  si- 

ment  ofX  ^  ) 

2.  Near  UV  Solar  Simulation  (MBB) 

Hr-radiation  of  all  sample  types  of 
^  i-he  Flight  Experiment  with  the  si 

situ  measurement 
resistivity  (if  applicable) 

3  contamination  Experiment  (MBB) 

sample  temperature  (only  SSM  and 
solar  cells) 

charlcte?istic  (only  SSM  and  solar 
cells) 


Piaure  7  shows  the  milestone  plan  for  the 
Llp-Experiment  S  1002.  As  can  be  seen  the 
flight  Lperiment  is  in  the  ^«^®5ration 
phase  which  will  be  completed  fue 

tober  1979.  After  qualification  tests  the 
exSriment  will  be  stowed  at  MBB  under 
clean  conditions  (dry  Nitrogen 
Final  functional  tests  at  MBB  will  be  con 
ducted  before  delivery  to  ^ASAKSC  to  veri¬ 
fy  that  experiment  has  survived  without 
damage  the  long  stowage  period. 

Test  and  measurement  facilities  for 
EUV-  and  contamination  experiments  not 
available  at  the  begin  of  the  Program  are 
designed,  facilities  assembly  is  near 
completion,  so  that  all  ground  experiments 

can^e  started  begin  -/fPcilitJ 

orogram  in  the  EOV-irradiation  facility 
with  the  developed  flexible  SSM  ^  _ 

liver  additional  data  concerning  UV-stabi 
lity  and  will  ensure  the  proper  function 
of  the  facility.  This  pretest  program  will 
be  finished  end  of  February  1980. 


o 
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PRELIMINARY  FLIGHT  RESULTS  F  ROM  P78-2  (SCATHA)  SPACECRAFT  CONTAMINATION 

EXPERIMENT* 

D  F  Hall  A  A  A  Fote 

I'fw  AiTosjnu'c  Corparatitm,  HI  Seifitiulo.  Calijitrniih  USA 


ABSTRACT 

The  ^^1L12  experiment  was  launched  on  January 
30.  1979,  on  United  States  Air  Force  (USAF) 

Space  Test  Program  P78-2  spacecraft,  SCATHA 
(Spacecraft  Charging  at  High  Altitudes).  It  was 
designed  to  determine  if  spacecraft  charging 
contributes  significantly  to  the  rate  that  contami¬ 
nants  arrive  at  exterior  Spacecraft  surfaces. 

The  experiment  consists  of  two  mass  detectors 
and  two  trays  of  calorimetrically  mounted  thermal 
control  coatings  samples.  "Quick-look"  data  from 
the  first  6  months  on  orbit  indicate  that  the  vehicle 
has  gradually  accumulated  a  mass,  which  has  not 
yet  reached  a  magnitude  sufficient  to  measurably 
affect  QTg  of  the  spacecraft  surface  materials. 
However,  two  black  paint  samples  appear  to  have 
undergone  bleaching,  and  two  fabric  samples  have 
experienced  some  transitory  degradation. 

Keywords:  Spacecraft  Contamination,  Spacecraft 
Charging.  Spacecraft  Thermal  Control  Coatings,  , 
SCATHA. 


1.  INTRODUCTION 

During  the  last  decade,  malfunctions  of  space¬ 
craft  operating  near  geosynchronous  altitude  have 
been  attributed  to  noise  pulses  generated  by  arc¬ 
ing  between  differentially  charged  members  of 
the  spacecraft.  The  realization  of  the  nature  of 
the  problem  grew  out  of  on-orbit  measurements 
of  spacecraft  charging  (Refs.  1,  2),  studies  of 
correlations  between  anomalous  spacecraft 
behavior  and  geomagnetic  conditions  (Refs.  3,  4), 
and  experimental  and  theoretical  investigations 
(Refs.  3-7). 

Aiiother  source  of  difficulty  with  the  operation  of 
spacecraft,  namely,  the  problem  of  contamination 


'I'Work  supported  by  the  United  States  Air  Force 
Materials  Lab,  Coatings  and  Thermal  Protection 
Materials  Branch,  WPAFB,  OH  45433. 


of  critical  surfaces,  may  also  be  aggravated  by 
the  occurrence  of  charging.  In  addition  to 
line-of-sight  contaminant  trajectories  usually 
considered  for  synchronous  altitude  spacecraft, 
a  negatively  charged  vehicle  can  electrostatically 
reattract  molecules  released  from  the  vehicle 
if  they  become  photoionized  while  still  within 
range  of  the  vehicle’s  elejctric  field.  Such  a  tra¬ 
jectory  is  shown  in  Figure  1.  Inasmuch  as  the 
electric  field  from  a  charged  vehicle  can  extend 
tens  to  hundreds  of  meters  in  the  very  dilute 
plasma  at  synchronous  altitude,  the  molecule 
can  arrive  at  almost  any  point  on  the  vehicle. 
Theoretical  estimates  suggest  that  this  mode  may 
be  Important  for  spacecraft  outgassing  at  typical 
rates,  but  the  multitude  of  simplifying  assump¬ 
tions  required  in  such  calculations  render  them 
of  uncertain  validity  (Refs.  8,  9).  A  major  goal 
of  MLI2  is  to  determine  the  extent  to  which  this 
mode  of  contaminant  transport  has  engineering 
significance. 


I  m  120 

Figure  1.  Negatively  Charged  VcdiJcle 
Reattracts  Contaminant 

2.  Till':  P7K-2  SPACd'lCRAI’T 

The  P78-2  spac  ecraft  is  managed  and  funded  by 
the  United  States  Air  P'orce  (USAF)  Spac:e  'I’est 
Program.  It  is  one  element  of  a  cjooperative 
National  Aeronnutic^s  and  Space  Administration 
(NASA) /United  States  Air  Force  program  to 
investigate  various  aspects  of  the  electrical 
charging  and  discharging  of  geosynchronous 
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spacecraft  surfaces  (Ref.  10).  The  program  is 
known  as  SCATHA  (Spacecraft  Charging  At  High 
Altitudes). 

The  P78-2  was  launched  on  January  30,  1979,  into 
a  176-  by  43,  278-km  transfer  orbit.  On  February 
2,  it  was  injected  into  a  27,  578-  by  43,  288-kin, 

7  9  deg  inclination  final  orbit.  The  vehicle, 
pictured  in  Figure  2.  is  a  right  cylinder  approxi¬ 
mately  1. 75  m  in  both  length  and  diameter. 


Figure  2.  P78-2  Space  Vehicle 


identify  the  effects  of  specific  contaminant  releas¬ 
ing  events  such  as  thruster  operations  and  boom 
deployments . 

To  accomplish  these  goals,  two  sensor  types 
are  used.  One  type  is  a  combination  retarding 
potential  analyzer  (RPA)  and  temperature  con¬ 
trolled  quartz  crystal  microbalance  (TQCM). 

With  it,  distinction  can  be  made  between  charged 
and  uncharged  arriving  molecules,  and  informa¬ 
tion  can  be  obtained  concerning  the  temperature 
dependence  of  the  contaminant  adsorption  and 
desorption  rates.  The  other  sensor  type  exposes 
samples  of  different  spacecraft  thermal  control 
coatings  (TCCs)  to  the  arriving  contaminants  and 
continuously  measures  the  solar  absorptances 
((yg)  of  these  samples.  Changes  in  o'g  of  space- 
stable  samples  will  be  ascribed  to  contamination, 
whereas  changes  in  o' g  of  the  other  samples  will 
be  ascribed  to  a  combination  of  contamination, 
photochemical,  and  radiation  effects.  Upon 
ground  command,  some  of  the  samples  go  through 
a  heating  sequence  designed  to  roughly  determine 
the  temperature  at  which  the  contaminants  are 
desorbed. 

As  shown  in  Figures  1  and  2,  there  are  two  of 
each  type  of  sensor  on  the  satellite.  Both  of  the 
TCC  trays  (ML12-3,  ML12-4)  and  one  of  the 
RPA/TQCMs  (ML12-6)  view  radially.  The  other 
RPA/TQCM  (ML12-7)  views  axially  from  the 
’’forward”  end  of  the  space  vehicle.  The  three 
ML12  sensors  mounted  on  the  vehicle  belly  band 
between  the  SC2  and  SCI  1  booms  have  a  nearly 
clear  field  of  view.  The  fourth  sensor,  mounted 
flush  with  the  forward  end  of  the  vehicle,  has^  a 
portion  of  the  main  communication  antenna  within 
its  field  of  view. 

The  following  sections  describe  these  instruments 
in  more  detail  and  present  some  preliminary 
results  from  them.  The  results  are  preliminary 
in  that  they  are  based  on  the  very  small  fraction 
of  flight  data  currently  accessible  to  the  experi¬ 
menters,  and  in  that  the  analysis  of  these  data  is 
incomplete. 


The  objectives  of  P78-Z  are  to  measure  (1)  the 
environment  that  leads  to  charging,  (2)  the  char¬ 
acteristics  of  the  vehicle  plasma  sheath  and 
(3)  the  effects  of  charging  on  vehicle  subsystems 
(Refs.  4,  11)-  To  achieve  these  objectives,  it 
carries  a  complement  of  six  charged  particle 
experiments,  electron  and  positive  ion  emitters, 
magnetic  and  electric  plasma  field  detectors, 
satellite  surface  potential  monitors,  instruments 
to  characterize  electrical  discharges,  and  the 
ML12  contamination  experiment  (Ref.  11). 


4.  THE  RPA/TQCM  EXPERIMENT 
4.  1  Instrument  Design 

The  RPA/TQCM  construction  is  shown  in  Figure 
3.  A  photograph  of  the  flight  hardware  appears^ 
in  Figure  4.  The  RPAs  were  designed  and  fabri¬ 
cated  at  The  Aerospace  Corporation;  the  TQCM 
sensors  were  supplied  by  Faraday  Ijaboratories, 
La  Jolla,  California  (Ref.  12).  The  TQCM  sensor 


3.  THE  ML12  EXPERIMENT 

The  ML12  experiment  was  designed  to:  (1)  deter- 
mine  whether  or  not  spacecraft  charging  increases 
Se  contamination  rate,  and  if  so,  by  what  rneans; 
(2)  distinguish  between  the  changes  of  selected 
thermal  control  coatings  caused  by  contamination 
and  those  caused  by  degradation;  (3)  determine  the 
effects  of  the  space  environment  on  spacecratt 
contaminants,  i.e. .  lowering  of  the  vapor  P'^es- 
sure,  darkening  of  the  adsorbed  film,  and  removal 
of  mkterial;  (4)  compare  P78-2  observations  with 
the  results  of  terrestrial  and  other  in-space 
degradation  and  contamination  experiments.  (5) 
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Figure  3.  Diagram  of  the  RPA/TQCMs 
(ML12-6  and  ML12-7) 
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Figure  4.  Photo  of  ML12.6  and  MJ^lE-7  With 

Protective  Covers  Released.  Mirror 
Radiators  Surround  the  Sensor 
Apertures. 


has  a  field  of  view  of  approximately  2.  24  sr  (50- 
deg  half-angle  cone),  and  the  RPA  has  a  coaxial 
field  of  view  of  approximately  3,  5  sr  (59 -deg  half- 
angle  cone). 


The  TQCM  sensors  are  two  AT-cut,  15-MHz, 
optically  polished  crystals  with  aluminum  elec¬ 
trodes.  The  sensitivity  is  1 . 6  x  10“^  g 
Hz- i ;  therefore,  for  the  ±  1 . 0  Hz  telemetry 
resolution  and  an  integration  time  of  1  hr,  the  net 
sensitivity  is  approximately  1.6  x  10“^  g  m“^ 
hr“l.  This  corresponds  to  the  deposition  of  a 
0.016  nm  thick  uniform  film  of  unity  density  per 
hour.  Preliminary  flight  data  suggest  that  the 
oscillator  stabilities  will  justify  longer  integration 
times.  The  maximum  mass  loading  for  which 
the  sensor  crystal  will  still  oscillate  is  approxi¬ 
mately  1  g  m"^. 


The  TQCMs  are  radiatively  cooled  but  can  also  be 
operated  at  elevated  temperatures  by  the  use  of 
heaters.  The  radiators  are  silvered,  fused-silica, 
second-surface  mirrors  coated  with  electrically 
conducting  indium  oxide  connected  to  the  space¬ 
craft  ground.  This  prevents  electrostatic  charge 
buildup  on  the  radiator  surface.  The  TQCM  sensor 
heaters  can  be  commanded  from  the  ground  to 
maintain  one  of  five  predetermined  temperatures 
in  the  range  of  -60  to  +70®C,  "Controller  Off"  is 
a  sixth  command  state,  which  produces  tempera¬ 
tures  of  approximately  -40°C  in  ML12-6  and  about 
-95°C  in  ML12-7.  Precision  helium-filled,  plati¬ 
num,  resistance  thermometers,  which  are  linear 
to  ±0.  5%,  indicate  the  TQCM  temperature. 


The  TQCM  receives  molecules  through  a  g ridded 
aperture  in  (he  RPA  collector.  The  aperture  grid 
is  normally  grounded  to  minimize  defocusing  of 
incoming  ions.  Together,  the  four  RPA  grids  will 
intercept  approximately  3  5%  of  the  incident  contam¬ 
inant  flux. 


The  retarding  potential  grid  is  commanded  from 
the  ground  to  one  of  the  following  potentials:  +500, 

+  100,  +10,  +1,  0,  -1,  -10,  or  -100  V.  Alternately, 
it  may  be  commanded  to  cycle  through  these  values, 
idwelUng  8  s  at  each  potential. 


n 

An  approximately  1  cm  annular  collector  plate 
(located  immediately  above  the  sensing  crystal), 
in  combination  with  an  electrometer  and  guard 
ring  circuitry,  measures  currents  in  the  range 
of  10*^2  to  10“°A  with  a  resolution  of  ±10”^^A. 
This  is  approximately  6  x  10^^  to  6  x  elec¬ 

trons  m"2  g-1  or  the  equivalent  in  ionized 
molecules. 

Of  course,  the  electrometer  will  detect  the 
arrival  of  both  condensable  and  noncondensable 
ions. 


4.2  Preliminary  RPA/ TQCM  Experiment 
Results 


Qualitatively,  the  RPA  currents  respond  to  grid 
voltage  commands  in  the  expected  manner.  For 
instance,  when  the  vehicle  frame  is  known  to  be 
negatively  biased  by  approximately  400  V  with 
respect  to  the  ambient  plasma  potential,  com¬ 
manding  the  retarding  grid  to  +500  V  reduces  the 
ion  current  recorded  by  the  electrometer. 
Similarly,  when  the  vehicle  is  positive,  larger 
negative  grid  potentials  diminish  the  electron 
current  recorded.  Detailed  analysis  of  the  RPA 
data  has  not  yet  begun. 

The  continuously  shadowed  ML12-7  TQCM  record¬ 
ed  mass  accumulation  ranging  between  0  and  11  ng 
cm*2  day-1  during  the  early  weeks  on  final  orbit 
when  its  temperature  was  about  -95oC.  On  March 
29i  1979,  its  temperature  was  increased  to  -SO^C, 
and  since  that  date  it  has  been  commanded  to 
temperatures  between  -30  and  +25®C.  No  mass 
accumulated  on  this  detector  at  these  tempera¬ 
tures.  At  this  writing,  a  week  of  ML.12-7  opera¬ 
tion  at  -60®C  and  at  approximately  -95°C  is 
planned  for  the  period  of  late  July  to  early  August, 

1979. 


The  ME12-6  TQCM  sensor,  which  initially  was 
operated  at  about  -40®C.  began  experiencing  mass 
accumulation  soon  after  final  orbit  was  achieved. 
This  higher  temperature  was  reached  in  the  case 
of  MJ_j12-6  with  no  applied  heater  power  because 
the  sun  line  is  maintained  between  8  5  and  95  deg 
to  the  vehicle  spin  axis.  The  mass  accumulation 
rate  was  initially  about  1  7  ng  cm~^  day“^  and 
gradually  diminished  to  approximately  12  ng-  cm” 
day’^  by  the  end  of  June,  suggesting  that  the  source 
of  this  material  is  diffusion  limited.  The  accumu¬ 
lation  rate  was  relatively  insensitive  to  sensor 
temperature  over  the  -40  to  +70^C  range,  suggest¬ 
ing  that  either  the  material  initially  had  a  high 
desorption  energy  or  that  sunlight  quickly  trans¬ 
formed  it  into  a  material  with  a  high  desorption 
energy.  Experiments  in  which  the  sensor  tempera¬ 
ture  is  varied  arc  being  continued.  Analysis  will 
be  made  of  the  changes  in  crystal  bcal  frequency 
that  occur  rapj<lly  when  tlie  tenipe rahi  rc  commands 
are  issued.  When  corrections  are  marie  for  the 
sensor's  frequency-tempe ratvi re  characteristics, 
which  were  obtained  during  ground  tests,  It  should 
be  possible  to  determine  if  any  mass  was  desorbed 
during  rapid  positive  temperature  changes. 


Quick  look,  "raw"  data  in  tabular  form  arc  avail¬ 
able  for  a  few  brief  periods  (of  less  than  1  hr)  of 
spacecraft  charging.  Enhanced  accumulation 
rates  are  usually  not  evident  from  casual 
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Inspection  of  these  data.  hr/day 

magnetic  data  tapes  from  the  vehicle  become 
available,  a  computer  will  be  used  to  search  fo 
longer  and  larger  charging  events  and  to  analyze 
statistically  the  RPA/TQCM  data. 


5.  THE  TCC  EXPERIMENT 
5.  1  Instrument  Design 

The  instrument  consists  of  c 

units  designated  as  ML12-3.  ML12-4,  and  ML12-5. 

These  units  are  a  modification  and  augmentation 
of  hardware  orginally  designed  and  fabricated  at 
TRW  Systems,  Redondo  Beach,  California  (Re  . 

13i  The  ML12-3  and  ML12-4  are  the  sample 
rlUirtgure  5)  that  carry  eight  1 . 25 -in  -diame - 
e^samples  each.  The  ML12-5  carries  he 

electronic  circuitry  required  to  monitor  the  TCC 
coupons. 


On  the  trays,  each  test  sample  is  mounted  on  an 
aluminum  disk  by  the  use  of  diluted  Eccobond 
EC57C  conducting  epoxy  (except  for  the  fabric/ 
tape  sample)  (Figure  6).  Thermal  isolation  is 
accomplished  by  having  the  disk  supported  by 
three  i4-milo.d.  stainless  steel  tubes,  which  are 

thermally  insulated  from  the  base  of  the  cup  by 
fiberglass  sleeving.  The  length  and  diameter  of 
the  instrumentation  leads  to  the  dtsk  were  ^  ® 
chosen  to  minimize  conduction.  The  tubing  and 
wires  together  give  approximately  a  9x10 
W/K  thermal  conduction  coefficient. 
enclosed  by  the  disk  and  cup  walls  is  filled  with 
a  combination  of  multilayer  and  open-coil  poly¬ 
urethane  insulation.  The  radiation  coupling 
coefficient  between  the  disk  and  cup  is  approxi¬ 
mately  7.9  x  10-12  w/k4.  The  underside  of 
each  aluminum  disk  carries  two  heaters  in  series 
and  three  thermistors.  The  heaters,  which  are 
actually  strain  gauges,  were  chosen  because  of 
their  low  temperature  coefficient  of  resistance. 
The  heaters  are  included  for  the  purposes  of  pre- 
flight  calibration  and  to  allow  therrr^l  desorption 
cleaning  of  six  of  the  samples  on  orbit.  The 
three  thermistors  span  low,  medium,  and  hig 
temperature  ranges.  On  half  of  the  samples, 
one  of  the  three  thermistors  is  monitored  based 

upon  the  expected  temperature  range.  On  tne 

other  samples,  two  of  the  thermistors  are  moni¬ 
tored.  In  addition,  there  are  two  thermistors 
located  on  each  of  the  sample  trays  to  measure 
the  temperature  of  the  supporting  cups. 

The  electronics  package,  MIj12-5,  contains  an 
ohmmeter  circuit  for  measuring  the  resistance 
of  the  thermistors.  It  also  contains  a  stepping 
circuit  for  sequential  scanning  of  each  of  the 
14  thermistors  on  the  samples  and  trays  and  of 
two  fixed  resistors  on  the  tray.  The  MLU- 
converts  the  thermistor  resistances  into  a  O.U- 
to  5.  1-V  signal,  which  is  then 
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Photos  of  Flight  TCC  Trays.  Dust 
Covers  and  Fine  Thermocouple  Leads 
Were  Removed  Before  Launch 


Figure  6.  Arrangement  for  Mounting  the  TCC 
Sample  Disks  in  the  Cups 
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generates,  on  command,  a  programmed  heating 
sequence  for  six  of  the  samples.  This  sequence 
consists  of  four  heating /cooling  cycles,  each  of 
which  achieves  a  higher  equilibrium  temperature 
than  the  preceding  cycle.  The  cooling  cycle  allows 
us  to  determine  if  any  change  in  Og  has  occurred 
during  the  heating  due  to  desorption  of  contami¬ 
nants. 

5.  2  Sample  Selection 

The  sixteen  samples  chosen  for  testing  are  given 
in  Table  1.  These  samples  were  chosen  for  a 
number  of  reasons: 

1.  To  provide  a  wide  range  of  initial  o' g  and  c 
(emittance)  values  in  case  a  given  contaminant 
is  invisible  for  particular  substrates. 

2.  To  include  materials  that  are  expected  to  be 
relatively  space  stable  in  the  absence  of 
contamination.  This  refers  to  the  polished 
A1  samples,  the  Au  sample,  and  the  optical 
solar  reflector  (OSR)  samples, 

3.  To  provide  for  some  redundancy  to  allow 
checks  for  consistency.  Thus,  two  black 
and  two  polished  A1  samples,  one  on  each 
tray,  were  included. 

4.  To  allow  for  the  comparison  of  similar 
materials.  Thus  both  OSR  and  OSR  coated 
with  a  conductive  In203  layer  were  included. 
Similarly,  both  an  In203-coated,  a  Au-coated, 
and  an  uncoated  aluminized  Kapton  were 
chosen.  Two  thicknesses  of  silvered  Teflon, 

2  mil  and  5  mil,  are  present.  Finally,  two 
samples  of  Astroquartz  fabric,  one  with  a 
FEP/Al  backing  and  one  without  such  a  back¬ 
ing,  are  being  tested. 

5.  To  test  a  new  material.  To  our  knowledge  the 
In203/Kapton/Al  sample  has  not  been  flown 
before. 


6.  To  include  samples  identical  to  those  studied 
in  the  satellite  surface  potential  monitor 
(SSPM)  package  on  board  P78-2,  which  is 
designed  to  measure  the  amount  of  charging 
of  TCC  samples.  These  samples  are  the 
aluminized  Kapton,  the  OSRs,  the  Au  sample, 
the  Au- coated  Kapton,  an  Astroquartz  fabric, 
and  the  5  mil  silvered  Teflon. 


5.  3  Data  Reduction 

The  temperature  of  a  sample  is  determined  by 
Eqs.  1,  2 

C  (T)  —  =  F(T'^  -  T'*)  +  C(T  -T) 

V  dt  c  c 

+  tAufT"*  -  t'^)  +  o  S<Mt)  +  P 

<|){t)  =  AE  sinojt  for  Oswt  <  tt  ; 

^{t)  =  0forTT<L0tS2TT  (2) 


where 

T  =*  sample  temperature 

T^,  =  tray  temperature 

T^  =  surrounds  temperature 

F,  C  =  thermal  coupling  constants  between 

the  sample  and  tray 

cAcr  =  emissivity  times  sample  area  times 
Stefan-Boltzman  constant 

C^(T)  =  heat  capacity  of  sample 


Table  1.  Flight  samples  for  MLfl2 


-3  Tray  -4  Tray 


Grafoil  (Union  Carbide,  GTA  Grade) 
Black  Paint  ( 3M40 1 C 1 0) 

OSR  (OCLI  SI- 100  Mirror) 

Vacuum  Deposited  Au  on  A1 
Diamond  Polished  2024  T3  A1 
FEP(5  mil)/Ag  (Sheldahl) 

FFP(2  mil)/Ag  (Sheldahl) 

Yellow  l^aint  (NASA  Goddard 
No.  NS4:3G) 


10  nm  Au  on  Kapton/ A1  (Sheldahl) 

Astroquartz  Fabric(J.  P.  Stevens  581)/ 
FEP/Al 

In203/OSR  (OCLI  SI-100  Mirror) 
In203/Kapton/A  1  (General  Electric) 
Diamond  Polished  2024  T3  A1 
Black  Paint  (3M401C10) 

Astroquartz  Fabric(J.P.  Stevens 
581)/Tape  (Sheldahl  405900) 

Kapton(  5  mil)/Al  (Sheldahl) 
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=  radiant  pdwer  falling  on  sample 

=  rotational  velocity  of  spacecraft 

=  solar  irradiance 

=  solar  absorptance 

=  factor  between  0  and  1  to  account 
for  shading  due  to  spacecraft 
booms 

=  power  applied  via  sample  heater 


Albedo  and  earth  emission  are  expected  to  be 
negligible  at  near  synchronous  orbit  and  have  been 
left  out  of  Eq.  1. 

Under  normal  space  conditions,  P  = 
solution  of  this  equation  is  then  given  by 


T  .  T.^4AT 


where  is  the  solution  of  the  time  independent 

equation 


+  C  (T^  -  T.„j)  +  1  -  <nd> 


+  a  SAE/tt  =  O  (4) 

s 

and  AT  is  given  by 

BY 

f.v+  [Yp/(1  -e‘P)]e  +V(i(-|-  sine-  cose)  Of  OSTr 

AT  =  '  ^ 

Yt  [vp/(l-e'P)]e  eP  TisesZn  (5) 

whe  re 

G  =  wt 

ou  =  angular  velocity  of  spacecraft 

p  =  n  [C  +  4  +  €  ffA)l  /c^u 

Y  =  EAog/PC^w 


For  the  data  shown  under  results, was  calcu¬ 
lated  from  and  T  by  the  following  procedure: 

1.  Assume  AT  =  O,  T^^^  =  T 

2.  Calculate  a  from  the  time  independent 
equation  (Eq.  4) 

3.  Calculate  AT  using  above  value  for 

4.  Calculate  T.^^  =  T  -  AT  using  above  value  for 
AT 

5.  Return  to  Step  2 


5,  4  Preflight  Calibrations  and  Calculations 

The  use  of  Eqs.  4  and  5  to  calculate  o-g  requires 
a  calibration  of  each  of  the  sample  and  tray 
thermistors,  a  determination  of  the  thermal 
coupling  constants  C,  F,  and  t  A.  a  measurement 
of  the  heat  capacity  Cv  of  each  sample,  and  a^ 
calculation  of  the  shading  factors  S  as  a  function 
of  spacecraft  orientation  with  respect  to  the  sun. 

The  24  sample  and  4  tray  thermistors  were 
calibrated  against  precision  copper  constantan 
thermocouples  (two  used  per  tray)  by  placing  the 
trays  in  a  commercial  temperature -regulated 
oven/ refrigerator  and  by  recording 
and  temperatures  over  the  range  of  203  to  K. 
The  data  were  fitted  to  the  equation 


C.(lnR)* 


by  a  least  squares  routine.  The  standard  error s 

of  the  fits  varied  between  0.05  K  and  0. 

but  three  of  the  28  values  were  less  than  0.  13  K. 

In  comparison,  the  resolution  of  the 

telemetry  system  yields  an  uncertainty  of  ±0.  3  JA. 

The  determinations  of  C,  F,  (  A,  and  Cy  described 
below  were  performed  in  an  ion-pumped  vacuum 
chamber  containing  a  liquid  nitrogen  cooled  shroud 
surrounding  the  trays.  The  shroud  was  painted 
black  to  ensure  proper  radiative  coupling  between 
it  and  the  samples.  The  trays  were  held  in  a 
temperature  controlled  aluminum  holder  and  kept 
near  room  temperature  to  duplicate  the  conditions 
expected  on  orbit.  Under  these  conditions 
cj)(t)  =  0  and  T^  =  77  K  (see  Eq.  1). 

The  thermal  coupling  constants  C,  F,  and  c  A  were 
determined  by  applying  a  measured  amount  of 
current  to  the  sample  heaters  and  by  measuring 
the  equilibrium  temperatures  T  and  T^..  By  dning 
this  at  five  different  power  levels,  five  sets  of 
data  were  generated  that  were  used  to  obtain  C, 

F,  and  €  A  from  Eq.  4.  A  least  squares  technique 
was  used,  with  P  as  the  dependent  variable.  Under 
space  conditions,  we  would  normally  have  P  -  U 
and<l)(t)  0  in  Eq.  1,  whereas  during  calibration 
P  0  and  4>(t)  =  0.  Thus  P  plays  the  same  role 
during  calibration  that  O'  4) (t)  plays  on  orbit.  In 
space,  m  0.  324  W.  ^forming  this  ratio 

342  o  g ,  where  AP^  is  the  average  value 
of  the  errorAP  in  the  least  squares  fit,  a  good 
estimate  of  the  expected  error  Aa  s!  ^  s  f^'orn  this 
source  can  be  obtained.  The  values  ofAa  b/“  s 
calculated  in  this  way  are  given  in  Table  2,  Ihose 
errors  should  be  compared  to  the  randomerrors 
as  given  in  Section  4.  The  larger  error  for  one 
of  the  fabric  samples  on  tray  4  is  the  result  of  a 
thermistor  having  become  defective  on  that  sample 
during  calibration.  Scheduling  limitations  did  not 
allow  for  replacement  and  recalibration  of  this 
thermistor.  However,  the  error  is  comparable 
to  the  random  error  introduced  due  to  telernetry 
resolution  (see  below).  Furthermore,  the  tem¬ 
perature  of  this  sample  on  orbit  is  monitored  by 
an  undamaged  backup  thermistor. 

To  determine  Cy,  heater  power  was  applied,  and 
the  data  were  recorded  In  the  form  of  temperature 
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Table  2.  Percent  and  absolute  error  in  a  g  due 
to  uncertainties  in  the  heat  leak  calibration. 


■  ■ 

A  a 

s 

'  ML12-3 

Grafoil 

0.  09 

0.  001 

Black  Paint 

0.21 

0.002 

OSR 

0.44 

0.  000 

Au  on  A1 

0.69 

0.001 

Polished  A1 

0.  64 

0.001 

FEP  (5  mil)/Ag 

1.  14 

0.001 

FEP  (2  mil)/ Ag 

1.  10 

0.001 

GSFC  yellow 

.29 

0.001 

ML12-4 

Au/Kapton/Al 

0.  07 

0.000 

Fabric/FEP/Al 

1.37 

0,003 

In203/0SR 

0.20 

0.000 

In^O^/Kapton/Al 

0.  19 

0.  001 

Polished  A1 

0.  64 

0.001 

Black  Paint 

0.  17 

0.  002 

Fabric/ Tape 

6.  95 

0.  016 

Kapton  (5  mil)/Al 

0.  26 

0.  001 

versus  time  (30-sec  intervals).  This  enabled  the 
calculation  of  dT/dt  for  use  in  Eq,  1.  The  values 
of  dT/dt  were  calculated  by  fitting  seven  con¬ 
secutive  data  points  (T  versus  t)  to  a  parabola 
using  a  least  squares  routine.  The  derivative  of 
the  parabola  at  the  center  data  point  was  taken 
as  the  value  of  dT/dt  there.  With  dT/dt  deter¬ 
mined,  and  with  T,  Tc^  and  P  measured,  Eq.  1 
can  be  solved  to  give  as  a  function  of  temper¬ 
ature.  The  resulting  heat  capacities  of  the 
sample  a  i^i;*re  usually  between  1, 0  and  2.  0  J/K, 
The  heat  capacities  of  the  1.  25-in.  diameter, 

10  mil  thick  supporting  aluminum  disk  alone 
should  be  0,  45  J/K.  Thus,  the  experimentally 
determined  values  of  Cy  for  the  sample  assem¬ 
blies  seem  quite  reasonable. 

The  shading  factors  S  are  a  function  of  the  angle 
p  between  the  spacecraft  spin  axis  and  the  sun. 
Maximum  shading  occurs  for  the  Grafoil  and 
GSFC  samples  at  p  =  90°  and  represents  a  10% 
drop  in  radiation.  Values  of  S  were  calculated 
by  Systems,  Sciences,  and  Software  for  80°<p< 
100°  in  1-  deg  steps  for  each  of  the  l6  samples 
(U'T.  14),  The  samples  are  not  shaded  for  p 
outside  this  range. 


5.  5  Random  Error  Analysis 

An  analysis  of  the  degree  of  random  error  to 
be  expected  in  calculating  OTg  has  been  performed. 
For  each  sample,  the  various  input  parameters 
that  are  used  in  the  equations  were  varied  by 
amounts  equal  to  the  resolution  inherent  in  the 
8-bit  telemetry  processing,  and  the  percent 
change  in  each  calculated  value  of  was  noted. 
The  parameter s.  of  importance  are:  (1)  the  data 
from  the  first  two  channels  that  are  used  in  con¬ 
verting  telemetry  voltage  to  resistance  of  the 
thermistors;  (2)  the  tray  temperature;  (3)  the 
sample  temperature;  and  (4)  the  shading  factor. 
The  last  source  of  error  depends  upon  the  space¬ 
craft  orientation  and  arises  from  both  the  1-deg 
resolution  of  the  table  of  shading  values  versus 
p  and  the  uncertainty  of  the  angle  p  at  a  given 
time.  The  total  errors  due  to  these  sources 
as  given  by  the  square  root  of  the  sum  of  the 
squares  of  each  are  listed  in  Table  3.  These 
tables  were  used  to  determine  the  error  bars 
shown  on  the  data  plots.  We  expect  to  reduce 
the  size  of  some  of  the  random  errors  by  obtain¬ 
ing  better  estimates  of  p  and  by  selecting  data 
from  times  when  knowledge  of  p  is  not  so  highly 
critical  (for  example,  when  p  ^93  deg). 

Subsequent  publications  will  address  systematic 
experimental  errors. 

5.  6  TCC  Experiment  Results 

The  results,  to  date,  of  the  calculations  of  »  g 
from  the  time  of  launch  are  plotted  in  Figures 
7-9.  For  the  first  12  plots  it  is  possible  to 
draw  a  straight  line  of  zero  slope  that  "captures" 
all  of  the  error  bars.  Thus,  within  experimen¬ 
tal  error,  no  degradation  of  any  of  these  12 
samples  has  been  demonstrated  so  far. 

In  Fig.  8,  the  last  two  plots  indicate  a  increase 
in  &  s  of  0,01  for  the  Fabric /FEP  sample  and 
0.05  for  the  Fabric/Tape  sample  during  the  first 
50  days  on  orbit.  The  values  appear  to  be 
stable  for  the  succeeding  100  days. 

The  O'  g  values  of  the  two  black  paint  samples 
are  plotted  in  Fig.  9,  The  data  indicates  an 
approximately  constant  a  g  for  about  the  first  60 
days  on  orbit  followed  by  a  decrease  in  o' g  of 
about  1. 7%  per  month  for  the  next  3  months. 

With  all  of  the  samples,  reduction  of  data  from 
additional  days  and  refinements  in  the  calcula¬ 
tions  are  expected  to  yield  more  definitive 
results. 


6.  SUMMARY  AND  CONCLUvSIONS 

Since  the  time  of  launch,  extensive  analyses  have 
been  performed  on  the  accumulated  raw  flight 
data  for  the  ML12  TCC  samples.  Due  to  the 
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Table  3.  Percent  and  absolute  error  (in  parentheses)  in  a  ^  due  to  random  error 


p 

<  87 

88 

89 

90 

91 

92 

‘  93 

94 

95 

>  96 

Grafoil 

2 

(0.013) 

3 

(0.  020) 

8 

(0.052) 

8 

(0.052) 

6 

(0.039) 

6 

(0.039)  . 

3 

(0.020) 

2 

(0.  013) 

2 

(0.013) 

2 

(0.013) 

Black  Paint 

1 

(0.009) 

1 

(0.009) 

2 

(0.018) 

6 

(0.055) 

6 

(0.055) 

4 

(0.  037)  ' 

4 

(0.037) 

2 

(0.  018) 

2 

(0.018) 

1 

(0.018) 

OSR 

12 

(0.010) 

12 

(0.010) 

12 

(0.  010) 

12 

(0.  010) 

12 

(0.010) 

12 

(0.  010) 

12 

(0.010) 

12 

(0.010) 

12 

(0.010) 

12 

(0.010) 

Au  on  A1 

5 

(0.010) 

5 

(0.010) 

5 

(0.010) 

5 

(0.010) 

6 

(0.012) 

6 

(0.012) 

6 

(0.012) 

5 

(0.012) 

5 

(0.010) 

5 

(0.010) 

Polished  A1 

6 

(0.009) 

6 

(0.009) 

6 

(0.  009) 

6 

(0.009) 

6 

(0.009) 

6 

(0.009) 

6 

(0.009) 

6 

(0.  009) 

6 

(0.  009) 

6 

(0.009) 

FEP  (5  mil)/ 

Ag 

7 

(0.009) 

7 

(0.009) 

7 

(0.009) 

7 

(0. 009) 

7 

(0.  009) 

7 

(0.  009) 

7 

(0.009) 

7 

(0.  009) 

7 

(0.009) 

7 

(0.009) 

FEP  (2  mil)/ 

Ag 

11 

(0.009) 

11 

(0.009) 

11 

(0.009) 

13 

(0.011) 

13 

(0.011) 

12 

(0.010) 

12 

(0.010) 

12 

(0.  010) 

11 

(0.009) 

11 

(0.009) 

GSFC  Yellow 

3 

(0.010) 

4 

(0.014) 

4 

(0.014) 

5 

(0.017) 

6 

(0.021) 

6 

(0.021) 

3 

(0.010) 

3 

(0.010) 

3 

(0.010) 

3 

(0.010) 

Au/Kapton/Al 

2 

(0.011) 

2 

(0.011) 

6 

(0. 032) 

6 

(0.032) 

5 

(0.027) 

2 

(0.011) 

2 

(0. Oil) 

2 

(0. Oil) 

2 

(0.011) 

2 

(0.011) 

Fabric/FEP/ 

A1 

3 

(0.008) 

3 

(0.008) 

3 

(0.  008) 

6 

(0.015) 

6 

(0.015) 

4 

(0.010) 

3 

(0.  008) 

3 

(0.  008) 

3 

(0.008) 

3 

(0.008) 

In^O^lOSR 

16 

(0.014) 

16 

(0.014) 

16 

(0.  014) 

16 

(0.014) 

16 

(0.014) 

16 

(0.014) 

16 

(0.014) 

16 

(0.  014) 

16 

(0.014) 

16 

(0.014) 

In^O^/Kapton/ 

A1 

4 

(0.016) 

4 

(0.016) 

4 

(0.016) 

4 

(0.016) 

4 

(0.016) 

4 

(0.016) 

4 

(0.016) 

4 

(0.016) 

4 

(0.016) 

4 

(0.016) 

Polished  A 1 

10 

(0.014) 

10 

(0.014) 

10 

(0.  014) 

10 

(0.014) 

10 

(0.014) 

10 

(0.014) 

10 

(0.014) 

10 

(0.014) 

10 

(0.014) 

10 

(0.014) 

Black  Paint 

1 

(0.010) 

1 

(0.010) 

1 

(0.010) 

2 

(0.019) 

2 

(0.019) 

2 

(0.019) 

2 

(0.019) 

2 

(0.019) 

2 

(0.019) 

1 

(0.010) 

Fabric/Tape 

5 

(0.012) 

5 

(0.012) 

5 

(0.012) 

7 

(0.017) 

7 

(0.017) 

6 

(0.014) 

5 

(0.012) 

5 

(0.012) 

5 

(0.012) 

5 

(0.012) 

Kapton  (5  mil)/ 
A1 

2 

(0.010) 

2 

(0.010) 

6 

(0. 031) 

6 

(0.026) 

5 

(0.010) 

2 

(0.010) 

2 

(0.010) 

2 

(0.010) 

2 

(0.010) 

2 

(0.010) 

unavailability  of  data  tapes  thus  far,  these  analyses 
have  been  carried  out  by  hand  from  quick  look  data 
provided  by  the  USAF  Satellite  Control  Facility. 

A  detailed  evaluation  of  the  random  errors  intro¬ 
duced  into  the  calculations  of  the  solar  absorp- 
•tivities  from  the  raw  data  was  also  performed. 
These  errors  are  caused  primarily  by  the  resolu¬ 
tion  of  the  telemetry  system  and  by  uncertainty 
in  the  amount  of  shading  of  the  samples  due  to  the 
spacecraft  booms.  Reduction  of  the  uncertainty 
due  to  shading  is  anticipated  when  more  accurate 
spacecraft  attitude  data  become  available. 


Temporal  data  has  been  presented  for  the  16  TCC 
samples  as  of  five  months  into  the  flight. 

Because  the  satellite  spins,  3.  14  hours  are 
required  to  accumulate  one  equivalent  sun  hour. 
Most  samples  exhibit  cy  g  constant  within  the 
current  uncertainty  of  the  measurement.  During 
this  time  period  the  quartz  crystal  microbalance 
adjacent  to  the  TCC  trays  has  indicated  a  con¬ 
taminant  buildup  equivalent  to  a  1  5  nm  thick 
film  (assuming  uniform  coverage  and  unity 
density).  Suspect  organic  contaminants  of  this 
thickness,  photo  degraded  or  not,  would  be 
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Solar  absorptances  from 
launch  (day  30) 
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Figure  8.  Solar  absorptances  from  day  of 
launch  (day  30) 


expected  to  be  transparent  (Ref.  15)  The 
lack  of  any  observable  change  in  the’solar 
absorbtances  of  most  of  the  TCC  samples  is 
consistent,  therefore,  with  the  TQCM  data. 

samples  exhibit  a  small 

Both  3M  black  paint  samples  have  exhibited  an 
approximate  5%  decrease  inog.  Since  it  would 
t^h  a samples  alone 

nam  aim '"thl  Presence  of  a  thin  contami- 

nant  film,  this  decrease  is  most  likely  due  to 

fntim\ted°on  black  paints  has  been 

so  1  ^  previous  flights  (Refs.  16,  17)  and 
so  its  occurrence  on  P78-2  is  not  unreasonable 
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abstract 

mie  development  history  of  METEOSAT  cleanliness 
described,  from  its  first  steps  to 
Comprehensive  form.  Details  of  the 
features,  material  selection 
control  and  pre-launch/launch  contamination 
control  are  given.  Control  techniques  and 

described:  example  (manufac¬ 
turing  techniques;  test  techniques;  materials 
selection  problmns  are  given  to  iliurtratr 

feasability  and  their 
ost  effectivity  are  discussed. 


Kej^ords:  MET^SAT.  contamination,  cleanlines 
control,  materials  selection,  radiometer. 


1.  INTRODUCTION 

From  the  Inception  of  the  METEOSAT  programme 
particular  attenp'on  was  drawn  ( 1 )  to  the  ' 
potential  contamination  hazards  involved  in 
the  fabrication,  launch  and  operation  of  a 
spacecraft  whose  primary  payload,  a  scanning 
radiometer, contains  optical  and.  in  its  radLtive 
cryogenic  cooler,  critical  thermo-optical 
si^taces.  The  contractor  was  required  to  reduce 

contamination  of  the  space- 
craft  by  :  ^ 

-  design  features  -  isolating  sensitive  areas 
irom  contamination  sources 

-  materials  selection  -  reducing  contamination 
sources 

pre-launch  and  launch  contamination  control  - 
keeping  the  initial  contamination  of  the 
sensitive  equipment  to  the  minimum 


2 .  DFi’VELOPMENT  HISTORY 

During  the  pre-development  phase  of  the 
METEOSAT  programme,  product  cleanliness 
assurance  and  control  vas  not  a  well  defined 
discipline,  experience  from  previous  ESRO 
projects  being  rather  limited.  Consequently 
the  initial  requirements  ( 1 )  were  restricted  to 
materials  selection  and  screening  method  (2)  (3). 

The  radiometer,  as  previously  mentioned,  is  the 

navload^^^^t  the  primary 

payload),  it  is  also  the  most  sensitive  to 

contMination.  The  saveguarding  of  the  prime 
mission  was  soon  recognised  as  a  vital  element 
in  the  project  development  and  accordingly  a 
range  of  studies  were  commenced  tc  : 

-  collect  applicable  experience  and  expertise 

-  redefine  materials  selection  policies 

-  Identify  and  assess  contamination  sources 

or  effects,  and  sensitive  areas  or  operations, 
in  order  to  improve  design,  adapt  facilities, 
refine  manufacturing  or  test  procedures, 
modify  pre-  and  past-launch  operations 

"  overall  cleanliness 

controlpxan  ta  reach  goals  identified  and 
quantified  from  the  above  studies 

Applicable  data  on  in-orbit  contamination  and 
control  methods  was  gathered  from  variaus  space 
agencies  (NASA,  fJSno,  CNES.  DFVLR),  research 
centres  (especially  DERTS)  and  progr:uraoe 
contractors.  In  addition,  a  specific  contract 
an_ experienced  specialist  in  the 
leld  (A.D.  Little)  for  the  most  critical  area, 
thG  cooIgt  of  the  radiomOv cf , 

A  configuration  study  of  the  MFrTEOSAT  radiometer 
and  cooler,  pepared  by  DFVLR  (L)  and  consisting 
o  a  .eoretneal  estimation  of  the  minimtun  and 
maximum  contamination  fluxes  from  all  potential 
contamination  sources  and  at  sensitive  surface 

“  clear  and  timely. 

Identification  of  critical  'sinks'  and  'sources '  . 
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A8  far  as  materials  selection  policy  was 
concerned,  the  following  basic  principles 
were  agreed,  in  the  absence  of  more  specific 
knowledge  of  contaminant  criticalities  : 

-  consider  the  (just  developed)  ESRO  standards 
as  a  baseline  (1)  (2) 

-  adhere  strictly  to  accept/reject  criteria 

-  screening  tests  on  all  unknown  materials 

(liab-lo  to  produce  contaminants)  ^  , 

~  batch  tests  on  any  accepted  material  liable 
to  variability  in  out-gassing  properties 

-  functional  (goods  receipt)  tests  on  all 
accepted  materials 

-  thorough  materials /processes  approval 
procedures,  using  formal  materials/processes 
lists 

The  identif.'cation  and  assessment  of  contains- 
tion  sources  or  effects  wan  the  most  difficult 
and  costly  stage  in  the  development  of  the 
METEOSAT  contamination  controls.  The  *nain 
effort  was  to  assess  degradation  of  optical 
and  thermo-optical  surfaces  under  simulated 
in-orbit  contamination  and  radiation  environ¬ 
ments. 

AERE  Harwell  (5)  conducted  degradation  tests  on 
the  following  elements  of  the  radiometer  : 

-  primary  mirror  reflective  coating  (Ag/Thi^U 
optical  thickness  A/2  for  A  =  5000A) 

-  cooler  cone  nori-radiative  (reflective) 
surface  (Au) 

-  cold  optical  window  (Ge) 

The  principal  conclusions  suggested  that,  when 
a  VCM  flux  is  present  during  irradiation, 
performance  degradation  occurs  up  to  0,Tpni, 
but  IR  performance  is  little  affected  (up  o 
15hni) . 

DFVLR  (6)  generated  dynamic  contaminant  fluxes 
irtheir  evaluation  of  the  contamination  effects 
on  the  cold  optics  and  the  cooler,  under 
simulated  space  environment.  Fig.  1  shows  some 
of  the  typical  results. 


The  study ^s  principal  conclusions  were  ; 

-  water  is  the  most  important  contaminant  on 
cooler  surfaces  and  the  cold  optical  window 
(Ge),  and  deposits  as  thin  as  Ipm  leads  to 
significant  performance  degradation 

-  specular  reflectance  degradation  induced  by 
water  contamination  is  not  appreciably 
modified  by  other  contaminants  or  by  changes 
in  the  environment 

-  water  contamination  can  be  readily  removed 
by  heating  the  affected  surfaces  to  moderate 
temperatures 

All  the  above  activities  were  used  in  the  ^ 
preparation  of  materials  processes  and  chemical 
cleanliness  requirements  (T)  (9)  and  the 
establishment  of  the  METEOSAT  cleanliness 
control  plan  (d). 


DESIGN  FEATUIHES 

The  principal  design  features  selected  to  reduce 
in-orbit  self  contamination  of  the  spacecraft 
are  summarised  as  follows  : 

3 . 1  Radiometer  Design 

-  radiometer  interior  and  cooler  sealed 
(quasi-hermetically)  from  rest  of 
spacecraft  is  respect  of  line-of-sight 
contamination  fluxes 

-  jettisonable"^  covers  provided  for 
radiometer  and  cooler  apertures  C^after 
station  acquisition  and  'off-gassing 
period 

-  gas  purge  system  for  pre-launch  operations 

-  decontamination  heaters  in  radiative 

cooler  (permitting  a  temperature  rise  from 
7T®K  to  320®K,  and  pr6viding  an  effective 
means  of  evaporating  off  volatile 
contaminants )  , 

-  hermetic  sealing  of  lubricated  mechanisms 
(scanning  gearbox) 

-  venting  of  cooler  superisolation 

-  multilayer  termination  at  structure 
interface 

-  number  and  dimensions  of  holes  for 
susT^ension  wires  optimisation  to  meet 
conflicting  requirements  =  thermal, 
mechanical,  cleanliness 

3.2  General  Spacecraft  Design 

-  use  of  a  separable  apogee  boost  motor, 
such  that  a  few  seconcis  after  firing  the  ^ 
spent  ABM  case  is  removed  from  the  vicinity 
of  the  spacecraft 

-  ' line-of-sight '  sealing  of  the  lower  face 
of  the  spacecraft 

•  -  cable  cutters  hermetically  sealed  and 
qualified  in  this  respect 
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3.3  Non"»flight  Features 

-  solar  panel  covers 

-  earth,  sun  sensor  covers 

-  thruster  caps 

-  hermetic,  positively  pressurised  spacecraft 
transport  container 

-  use  of  a  *  super-clean'  fairing  on  the 
THOR-DELTA  291^  launch  vehicle 

-  specific  anti -contamination  protecting 
devices  during  handling  and  testing 
(thermal  cycling)  of  filters  6.3y,  anti¬ 
reflecting  coatings  of  Ge  windows,  filters 
supports 

U.  MATERIALS  SELECTION 

In  an  attempt  to  reduce  the  contamination  source  to 
Lhe  minimum  possible,  a  rigid  materials  selection 
and  control  policy  was  adopted  (2)  and  following 
the  initial  studies  during  the  pre-development 
(§3)  specific  METEOSAT  materials  and  processes 
selection  requirements  (T)  were  developed. 
Contractors  were  required  to  submit  materials  lists 
which  would  be  subject  to  ESA  evaluation  and 
result  : 

-  material  approval 

-  material  rejection 

-  out-gassing  test  required 

The  outgassing  test  (3)  using  the  ESTEC  micro 
equipment  or  similar  would  in  turn  result  in 
material  approval  or  rejection.  The  limits 
total  weight  loss  1^,  volatile  consensibles  0,1% 
by  weight  (3)  were  maintained  -  however  the 
rigidity  of  their  application  as  rejects  criteria 
was  modified  by  the  intended  application.  For 
example,  a  structural  adhesive,  with  limited  free 
surface  area  and  zero  view  factor  to  VCM  sensitive 
areas  could  be  tolerated  with  a  marginally  high 
VCM  -  however,  a  solar  cell  adhesive,  with  a 
large  free  surface  area  and  large  view  factor  to 
sensitive  areas,  could  not,  and  in  fact  as  low  as 
possible  out- gas sing  figures  were  used  as  a 
principal  factor  in  its  selection. 

Where  experience  had  shown  materials  to  have 
variable  out-gassing  properties,  the  contractor 
was  required  to  submit  samples  for  each  batch. 

Finally  for  all  materials,  contractors  were 
obliged  to  make  quality  control  checks  for  each 
batch  on  receipt  -  the  nature  of  the  checks 
following  tlie  t.vpe  of  material. 

Table  1  provides  some  statistics  on  the  materials 
list  eventually  developped  for  METEOSAT.  One  can 
note  that  in  the  Vj  classes  of  materials  there 
are  some  507  types,  and  for  a  type  many  are  used 
in  different  applications  by  different  contractors. 
Note  the  importance  of  the  application  process 
..'hich  can  lead  to  an  acceptable  or  unacceptable 
item.  Typical  cases  are  conformed  coatings  and 
paints . 

Screening  tests  (3)  have  been  performed  on  li00 
different  materials  samples  by  ESTEC,  out  of 
which  160  types  only  have  been  approved.  Cost  of 
a  sample  test  amounts  to  100  AU. 


5.  PRE-LAUNCH  AND  LAUNCH  CONTAMINATION  CONTROL 

5 . 1  Contamination  Control  Plans 

Initially  limited  to  particulate  contamin¬ 
ants,  contamination  controls  were  pro¬ 
gressively  extended  and  developed  to 
include  monitoring  and  control  of  all 
contamination  types,  shortly  after  start  of 
the  hardware  development  and  manufacturing 
phases . 

The  METEOSAT  cleanliness  control  plan  (8) 
covers  the  various  phases  of  the  programme  : 

-  design:  .  materials:  application, 

procedure,  selection 
.  shapes,  tolerances,  venting 
paths,  on-board  heaters, 
purging  system 

-  manufacturing:  .  personnel  training, 

facilities,  special  tooling 
.  procedures:  inspection,  control, 
cleaning 

-  integration, 

test,  handling:  .  contamination  monitoring, 
purging 

-  launch 

operations:  .  super-clean  fairing 

-  orbital 

operations:  .  decontamination  procedure 

This  plan  met  the  requirements  of  the 
Chemical  Cleanliness  Specification  (9), 
whose  quantitative  requirements  are  expressed 
in  Tables  2  and  3  in  terms  of  cleanliness 
level  goals  and  m*)nitoring  requirements.  In 
addition  it  contains  detailed  requirements 
such  as  access,  ' cleanability *  of  equipment, 
and,  for  certain  units,  factors  effecting 
design,  manufacturing,  testing  and/or 
operation.  Methods  of  monitoring  techniques 
and  contamination  control  are  referred  to, 
and  the  definition  of  n  Cleanliness  Control 
Board  is  made. 

5 . 2  Clean  Room  Requirements 

For  the  normal  satellite  AT  &  T  activities, 
class  100,000  condil.ions  were  observed  - 
however  for  operations  involving  work  on 
the  radiometer  with  the  baffle  cover  removed, 
class  1000  f:onditions  were  imposed. 

Chemical  con tfiminatl  on  faJ.J. ure  level  was 
taxen  as  1  x  Un^g/cm^.  Manufacture  and 
Assembly  of  the  radiometer  and  cooler 
demanded,  for  various  critical  operations, 
rigid  control  at  class  100  under  laminar 
flow  conditions  (cooler  elements  asseniliiy 
contamination  sensors  incoming  inspection, 
multilayer  manufacturing,  cooler  integration) 
(13).  Except  for  critical  items  such  as 
sensors  and  solar  panels  the  remaining 
equipment  was  manufactured  under  less 
stringent  conditions  (generally  class  100,000) 
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TABLE  1  -  MATERIALS  LIST  BREAKDOWN 


MATERIAL  CLASS 

No.  OF  TYPES 

APPLICATIOH  SIZES 

0-1 g  1-50g  50-500g  > 

500g 

..  Adhesives 

32 

5 

18 

T 

3 

Adhesive  Tapes 

18 

3 

11 

■  U 

- 

Coatings  and  Varniohes 

10 

2 

9 

6 

(Glasses) 

(U) 

Lubricants  ( external. ) 

8 

3 

k 

1 

Lubricants  (sealed) 

1 

- 

- 

1 

(Metals ) 

(200) 

Paints  and  Inks 

13' 

U 

k 

k 

2 

Plastics  and  Metallised  Filins 

11 

2 

6 

k 

Pottin."  and  Sealing  Compounds 

8 

1 

10 

T 

1 

Reinforced/thermoset  Plastics 

h9 

IT 

20 

12 

Rubbers  and  Lacings 

12 

1 

T 

h 

"■ 

Thermoplastics  and  sleeving 

36 

k 

33 

T 

(wires,  cables,  ribbons,  foils) 

(39) 

(Miscellaneous,  incl.  mechanical  components) 

(66) 

TABLE  2  -  CLEANLINESS  LEVEL  GOALS 


ELEMENTS 

TYPES 

At  delivery 

After  accept¬ 
ance  of  S/C 

After  launch 
completion 

TELESCOPE  BAFFLE  AND  TELESCOPE 

VCM  g/cm^ 

U  X  10"^ 

COVER 

(Internal  sides) 

DUST  p 
(N  >d)/cm' 

3  -2.2 

5.10^  d  ' 

lo**  d-2-2 

2.1o''  d"^'^ 

COOLER 

VCM  g/cm^ 

l4  X 

7.10“^ 

8.10”^ 

COOLER  COVER 
(Internal  side) 

DUST 

(N  >  d)/cm 

5.10^ 

103  d-2-2 

3  -2.2 

2.10’  d 

(0.01^) 

EDA,  DOWN  PART  AND  CENTRAL 

VCM  g/cm^ 

10“'^ 

5 . 1 0*"'^ 

10-6 

BELT 

(External  sides) 

DUST 

(N  >  d)/cm 

U.105  d-2-2 

6.1o5  d-2-2 

8.1o5  d-"-2 
{518) 

Other  Internal 

SPACECRAFT  elements 

2 

VCM  g/cm 

lO"'^ 

5. 10“^^ 

10""^ 

DUST 

(N  >  d)/cm 

U.10^ 

6.1o5  d-2-"  ' 

8.1o5  d-2-2 
{5%) 

SOLAR  GENERATOR 

.  2 

VCM  g/cm 

10-'^ 

2.5  10“^ 

10-6 

DUST 

(N  fl )  /  cm 

3.10^ 

-P  p 

h.U/  d 

'..lo'-'  d-’-" 

(r/.) 

2 

VCM  g/cm 

l.T  10"*^ 

2.2  10“^ 

10-6 

SENSORS 

DUST  2 

(N  >  d)/cm 

5  -2.2 
3.10^  d 

^.lo5  d-2-2 

3  -2.2 

5.10^  d 

(3^) 

^NATURE  AND  FREQUENCY  OF  SYSTEM  LEVEL  INSPECTIONS 
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5.3  Packaging/ Cleaning 

Uniform  packaging  and  pre- integration 
cleaning  methods  were  used  across  the 
consortium  -  solvent  surface  cleaning, 
sealed  double  bagging  under  nitrogen  and 
with  inclusion  of  dessicant,  inspection 
and  recleaning  on  opening. 

Specific  ant i— contamination  techniques  were 
developed  during  manufacturing  and  qualifi¬ 
cation  testing  of  processes  such  as  anti- 
reflecting  coatings,  mirrors  substrates, 
optical  filters.  These  techniques  involved 
specific  handling  instructions,  additional 
cleaning  steps,  lengthy  substrate  preparation, 
special  handling  tools. 

An  ex^j>le  of  a  specific  anti-contamination 
technique  is  given  in  Appendix  1  for  mirror 
substrates . 

5.4  Monitoring  Techniques 

Particulate  contamination:  a  continuous  or 
frequent  periodic  particulate  count  has  been 
performed  during  all  satellite  integration 
activities  up  to  launch.  Only  one  or  two 
instances  has  occurred  where  the  class 
100,000  limits  have  been  approached  -  due  to 
clean  room  equipment  failure  -  were  shown 
subsequently  not  to  have  contaminated  the 
spacecraft  appreciably. 


Chemical  contamination:  the  most  significant 
aspect  of  contamination  for  the  radiometer, 
a  regular  series  of  controls  has  been 
carried  out  during  the  radiometer  manufacture 
and  the  satellite  integration.  For  the  most 
part  these  controls  were  carried  out  using 
both  wipes  and  sensors.  Fig.  2  and  Table  k 
show,  as  histograms,  the  results  obtained  for 
the  radiometer  and  the  spacecraft  integration, 
for  each  of  the  spacecraft  models  (qualifi¬ 
cation,  Flight  1  and  Flight  2).  The 
significance  of  their  findings  is  discussed 
elscw'here. 

■Table  4  -  Averaged  Contamination  Levels 


Model 

Radiometer 

Spacecraft 

P2 

1  ,33 

2,T6 

FI 

0,90 

0,95  xlO-Vcm2 

F2 

0,97 

0,96 

We  can  mention,  however,  the  results  of  an 
experiment  carried  out  by  our  contractor  after 
a  certain  experience  of  variably  dissimilar 
results  between  monitoring  contamination  levels 
with  wipes  and  with  sensors  (lO).  This  experi¬ 
ment  (set-up  shown  in  Fig,  3)  compared  the  two 
monitoring  methods  under  a  controlled  contami¬ 
nation  environment:  its  results  (see  Table  5) 
suggest  that  little  reliance  can  be  placed  on 
the  correspondence  of  the  two  methods,  and 
that  of  the  two  methods,  the  sensor  approach 
gave  the  more  consistent  result. 


Bell  Jar 


6.  PROBLEMS  ENCOUNTERED 

To  enumerate' all  the  problems  or  incidents  with 
impact  on  cleanliness  control  occuring  during  the 
METEOSAT  programme  is,  of  course,  impracticable 
here.  However,  to  demonstrate  typical  problems 
encountered  during  the  programme,  4  examples  are 
hereunder  described:  relating  to  materials,  pro-  ' 
cesses  and  contamination  control  procedure. 

6.1  Rejection  of  Basic  Adhesive  for  Solar  Generator 

The  adhesive  (SY186  +  primer  023)  initially 
proposed  for  the  METEOSAT  solar  generator  had 
been  previously  used  on  other  solar  generators 
and  was  part  of  a  qualified  fabricnti on  proced¬ 
ure  of  which  the  adhesive’s  intrinsic  properties 
(viscosity,  cure,  pot  life)  formed  a  critical 
part. 

Nevertheless,  the  adhesive  was  rejected  due  to 
its  rather  poor  outgassing  properties,  the  large 
surface  area  and  critical  application:  a 
replacement  (DC93-50())  was  chosen  which,  although 
having  the  requisite  outgasifiing  characteristics, 
required  additional  testing,  new  tooling,  modi¬ 
fications  to  the  fabrication  procedure,  etc. 

This  change  met  with  opposition  (lO  months  of 
technical  negotiations)  from  the  contractor,  and 
resulted  in  significant  cost  and  planning 
impacts. 

This  example  underlines  that  it  is  neither  cheap 
nor  easy  to  impose  cleanliness  constraints  on 
contractors  or  programmes  :  there  is  a  strong 
tendency  to  use  the  already  ’proven’  method  even 
if  data  shows  that  it  is  insufficient.  Clean¬ 
liness  design  control,  with  materials’  selection, 
needs  to  be  instigated  right  from  the  start  of 
the  programme. 

6.2  Scanning  Mechanism  Sealing 

The  scanning  mechanism  oT  the  radiometer  tele¬ 
scope  is  ar\  oii  lubricated  system,  essential  In 
the  iniage-i,nking  function.  Containing  a  "dirty" 
product,  it  hud  to  Ite  coiu’f’ctly  filled  up  arul 
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CONTAMINANT 


Hydro  car'bon 
(Pump  Oil) 


PERIOD 

OF 

exposure 

( days ) 


SENSOR  contamination" 


WIPE  CONT/SiNATION 


LEVELS  {\ 


Hydro carb 
0,126 
0,022 
0,105 
0,063 
0,062 


I 

I 

+  Ester  ' 

19 

0,0l| 

(Dibutyl 

Phtrlate) 

26 

0,026 

0,165 

+  Silicone 

3U 

0,8 

0,119 

(DC200-dimethyl 

Silicone) 

U9 

3,1 

0,31 

Silicone 

Hydrocarb 

Esters 

Silicone 

0 

0,18 

0 

0 

0 

0,00013 

0 

0 

0 

0 

0 

0 

0  ' 

o,oU 

0 

0 

0 

0,02 

0 

0 

0 

« 

X 

X 

0 

0,0T9 

0,0095 

0 

U,2 

M 

n 

X 

6,66 

0,0052 

0 

0 

CORRELATION 

FACTOR 


not  measured) 


Table  5  -  Sensor/Wipe  Comparison 


hermetically  sealed.  Several  contaminate oji 
problems  were  encountered  during  the  develop¬ 
ment  tests.  The  following  chart  of  operations 
defines  the  steps  of  the  qualified  process, 
each  of  them  being  defined  in  a  specific  pro¬ 
cedure.  Figure  3  illustrates  the  complet  set¬ 
up  of  this  single,  but  critical,  operation. 
Duration  3  days. 

PROCESS  OPERATIONS  SEQUENCE 

1.  Out gas sing  of: 

a)  equipment  +  test  equipment 

b)  silicone  oil  (DC  FS  1265) 

2.  Filling  operation 

k  major  steps: 

a)  500  cc  filling 

b)  bellows  heating  (bubble-free/gas  pocket 
elimination) 

c)  partial  pressurization 

d)  filling  up  (about  100  cc ) 

3.  He  pressurization 
U,  Crimp-sealing 

5,  Leak  test. 

The  procedure  was  developed  on  a  1:1  scale  model 
made  with  a  transparent  body. 
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Fig.  It  -  Gcanning  Mechanism  Sealing  Process 


6.3  nonler  Gol.l-rlating  Process 

This  problem  relates  to  the  e^^ly  detection  of 
defects  observed  after  metallization  of  cooler 
components.  This  plating,  critically  important 
for  cooler  performance,  is  highly  dependent  for 
its  ultimate  quality  on  cleanliness  'control 
during  the  process.  Oefeots  were  found  by 
visual  (e.g.  white  spots,  surface  diffusion)  and 
by  physical  test  (e.g.  poor  ndhes  ion  ) . 
necessary  improvements  were  made  by  an 
process  whose  major  steps. were: 

-  modification  of  tools  and  test  equipment, 

-  redesign  of  cooler  components  to  meet  process 
equipment  capabilities, 


-  qualification  testing  of  process, 

-  sample  metallization, 

-  improvement  to  pre-cleaning  procedure, 

-  additional  process  steps  (baking  at  120'^^C), 

-  additional  process  steps  (ultrasbnic  cleaning) , 

-  implcmcn tation  of  contomination  sensing  during 
process, 

-  additional  cleaning, 

-  packaging  improvements. 

No  single  contamination  problem  was  identified 
during  the  course  of  this  process  development:^ 
rather  a  problem  whose  solution  demanded  a  multi- 
plexity  of  controls  and  steps.  Contamination 
control  is  a  system  i>roblem,  and  the  system  must 
deal  with  all  aspr^ct-s  to  he  effective. 
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6,k  Radiometer  Thermal  Vacuum  Test  Contamination 

A  contamination  problem,  induced  by  paint 
particles  from  the  inner  chamber  vail, 
occurred  during  thermal  vacuum  testing  of  the 
radiometer.  Here  the  pattern  of  corrective  and 
preventive  action  took  a  different  course  as 
the  problem  was  well  identified.  However,  the 
potential  cost/planning  impacts  are  potentially 
very  high  in  this  case  as  irreversible  damage 
to  the  test-item  was  threatened.  The  maximum 
care  must  be  token  during  these  system  or  sub¬ 
system  tests  -  and  the  role  of  product  assurance 
personnel  is  here  a  vital  step  in  diminishing 
the  risk.  It  is  unfortunate  that  the  concen¬ 
tration  of  effort  tends  to  be  on  the  side  of 
the  user,  rather  than  the  test  house  in  this 
respect;  greater  involvement  by  project  P.A. 
in  thermal  vacuum  facility  procedures  and  prep¬ 
aration  may  be  indicated. 

T.  DISCUSSION  AND  CONCLUSIONS 

The  activities  recorded  in  this  paper  have  led  to  an 
acceptable  in-orbit  performance  ( 1 1  ) .  The  develop¬ 
ment  of  cleanliness  goals  and  requirements,  integra¬ 
tion,  test  and  operations  have  had  heavy  impeicts  on 
cost  Euid  Schedule  -  it  is  difficult  to  make  a  good 
estimate  as  the  effects  of  cleanliness  control  occur 
at  every  stage  of  the  programme,  but  limiting  cost 
consideration  to  materials  screening  tests,  degrada¬ 
tion  studies,  in-situ  contamination  measurements  and 
implementation  of  the  Cleanliness  Control  Plan,  not 
less  than  Ijt  of  spacecraft  overall  cost  is  involved. 

The  goals  defined  appeared  to  be  realistic;  as  . 

Fig.  2  show  (and  Table  U),  global  contamination 
levels  of  the  order  of  10“T  gcm“^are  practicable. 
Whether  this  order  of  contamination  is,  for  METEOSAT 
application,  just  adequate  or  much  better  than 
necessary,  is  an  open  question. 

For  new  programmes  having  spacecraft  embarking  con¬ 
tamination-sensitive  equipment,  our  recommendation 
is  that  a  product  cleanliness  assurance  system  be 
established  at  a  very  early  stage.  As  in  many 
other  domains,  prevention  is  better  than  cure:  and 
in  fact  may  be  the  only  solution.  Therefore,  the 
project  should  consider  cleanliness  throughout 
design,  manufacturing,  integration  etnd  launch  phases, 
and  should  not  believe  that  clean  rooms  are  a  suffi¬ 
cient  solution. 


8.  APPENDIX 


Mirror  Substrate  Cleaning  Proc edur e 


Hereafter  are  listed  the  basic  cleaning  steps 
implemented  before  the  metallisation  process  of  the 
telescope  mirrors  : 


1 .  Degreasing  in  a  bath  containing  : 


h.  Immersion  in  -  ethanol  95/96°C  2/3 
-  ammonia  1/3 

5.  Drying  with  optical  cleansing  tissue  or 
surgical  quality  hydroscopic  cotton 

6.  Mechanical  cleaning  : 

-  smooth  polishing  with  hydroscopic  cotton 
and  aluminitun  powder  (granulometry  3m) 

-  repeat  step  It  to  eliminate  residues  of 
previous  step 

-  drying  cleaning 

7.  Visual  control  at  ambient  +  about  5  hours 
stabilisation  necessary  for  large  size  mirrors 

8.  Elimination  of  static  charges 

9.  Final  cleaning  as  per  step  5 
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ASSESSMENT  OF  SHUTTLE  PAYLOADS  GASEOUS  ENVIRONMENT  CONTAMINATION  AND 

ITS  CONTROL 


J  J  Scialdone 

Goddard  Space  Flight  Center,  Greenhelt,  Maryland,  USA 


ABSTRACT 

A  prediction  of  the  in-orbit  gaseous  environment  and  the 
contamination  it  could  produce  on  cryogenic  and  room 
temperature  surfaces  of  payloads  in  the  shuttle  bay  has  been 
carried  out.  The  time-varying  environment  was  obtained  by  the 
superposition  of  the  calculated  shuttle  environment  for  a 
discrete  time  and  payload  induced  environments  measured  in 
large  space  chambers.^he  payloads  will  dictate  the  environment 
with  the  exception  of  periods  when  the  attitude  motors  and 
water-release  operations  are  in  operation,  v Representative 
contaminant  surface  accretions  have  been  calculated  for  flights 
1  week  and  1  month  long  for  payloads  having  the  largest  source 
of  outgassing  and  an  orbit  of  200  km.  Based  on  the  magnitude 
of  the  sources,  their  molecular  natures,  the  decay  rate  with 
time,  the  sticking  coefficients,  the  view  factors,  and  the 
temperatures  of  the  surfaces  being  contaminated,  a  number  of 
calculations  were  made.  These  calculations  led  to  a  number  of 
results.  To  reduce  the  contamination  hazards,  investigations 
have  been  performed  on  delaying  the  exposure  of  critical 
surfaces,  on  the  effect  of  using  vented  helium  as  a  counterflow 
to  ingested  oxygen  in  telescopes,  on  the  effect  of  varying 
sublimation  temperatures  and  times  on  the  removal  of 
condensed  oxygen,  and  on  the  waiting  time  for  normalization 
of  the  environment  after  operation  of  the  control  motors 
and/or  evaporator.  This  document  concludes  with  a  list  of 
precautions  that  can  be  taken  during  the  design  and  operational 
phases  of  an  instrument  to  limit  the  contamination  to 
acceptable  levels  for  short-duration  Spacelab  flights. 


1.  INTRODUCTION 

Instruments  and  payloads  carried  by  the  Space  Transportation 
System  (STS)  will  be  in  a  different  space  environment  than  that 
of  the  present  satellites.  This  environment  can  degrade  the 
observations  and  the  measurements  of  the  sources  of  energy 
being  monitored.  The  degradation  can  be  caused  by  the 
intervening  gaseous  and  particulate  medium  that  exists  between 
the  source  and  the  instrument  or  by  the  deposits  of  this 
medium  on  thermo-optical  surfaces.  The  most  affected  surfaces 
ajc  those  at  cryogenic  temperatures.  The  deposits  may  change 
the  radiative  properties  of  the  surfaces,  induce  loss  of  optical 
transmittance,  and  produce  light  scattering  and  false  indications 
of  sources.  The  environment  of  payloads  in  the  STS  is  dictated 
by  the  STS  propulsion,  life-sustaining,  and  power-generating 
systems  and  by  material  outgassing  and  shedding  of  particulates. 
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A  preliminary  assessment  of  the  induced  and  natural 
environment  of  the  STS  with  payloads  has  been  performed.  Its 
magnitude,  deposit  on  surfaces,  and  controllability  have  been 
investigated.  A  generalized  approach  has  been  used  to  develop 
these  data  so  that  it  may  be  used  in  the  design  and  planning  of 
instruments  and  payloads.  Casc-by-case  detailed  analyses  must 
be  performed  later,  when  measured  data  on  the  STS 
environment  and  the  particular  design  of  the  payloads  will  be 
available. 

In  this  document,  the  gaseous  environment  for  a  payload  or 
payloads  in  the  STS  were  derived  by  the  superposition  of  the 
calculated  self-induced  environment  of  the  STS  and  the  induced 
environment  of  a  number  of  spacecraft,  measured  in  large 
vacuum  chambers.  The  density,  direct  fluxes,  and  column 
densities  of  the  Shuttle  and  payloads  were  derived  as  a  function 
of  time,  orbital  altitudes  and  lines  of  sight.  The  contributions  of 
the  STS  evaporator  and  vernier-control  systems  (VCS)  are 
included. 

Deposits  of  these  molecular  sources  on  surfaces  at  room  and 
cryogenic  temperatures  were  calculated,  with  attention  to 
contamination  of  telescopes  and,  in  particular,  to  the  proposed 
cryogenic  limb  interferometer  radiometer  (CLIR).  However,  the 
calculations  and  relative  plots  in  this  document  are  general  and 
can  be  used  for  any  payload  if  geometrical  factors  and  surface 
temperatures  are  known.’ The  times  during  which  contaminant 
deposits  are  possible  were  obtained  from  the  expected 
magnitude  of  the  contaminant  after  10  hours  in  orbit,  modifled 
by  the  geometrical  view  factor  between  the  source  and  the 
surface,  the  surface  temperature,  and  the  nature  of  the 
contaminant.  The  maximum  deposit  and  the  time  for  its 
eventual  disappearance  were  estimated.  The  effect  of  delay  in 
the  exposure  of  a  surface  to  the  contaminant  was  evaluated.  A 
list  of  the  expected  contaminant  deposits  on  surfaces  with 
direct  or  limited  view  (CLIR  instrument)  of  the  contaminant  is 
provided.  The  deposits  are  based  on  the  most  severe  expected 
environment  of  a  general  class  of  payloads  in  the  STS  at  a 
200-km  altitude.  The  effect  of  surface  temperatures,  the  nature 
of  the  contaminant  (HjO  or  DC-70.5  silicone  oil),  the  flight 
duration  (1  week  to  1  month),  and  the  delay  in  exposure  time 
were  considered.  Deposit  rates  from  the  emissions  of  the  VCS 
and  evaporator  and  from  the  natural  oxygen  were  calculated. 
Methods  for  reducing  cryogenic  surface  contamination  using 
He  as  a  purging  gas  or  temperatures  required  for  subliming  the 
deposits  were  investigated.  Also,  the  time  required  for  the 
environment  to  become  acceptable  after  the  L*mission  from  a 
source  such  as  the  VCS  and  the  evaporator  was  considered.  The 
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estimated  environment  was  compared  with  the  criteria  limits  on 
the  environment  suggested  by  the  scientific  community  tor 
satisfactory  measurements  and  observations.  Finally,  a  number  of 
suggestions  for  limiting  contamination  through  design  and 
Operational  control  are  included. 

2.  CONTAMINATION  CRITERIA 

Early  in  the  Shuttle  program,  the  scientific  community  set 
certain  mission  objectives  and  recommendations  regarding  the 
induced  molecular  and  particulate  contaminant  emanating  from 
the  Shuttle.  Volume  X  of  Ref.  1  lists  the  maximum  allowable 
induced  environment  levels  or  criteria,  which  were  subsequently 
clarified  and  expanded  by  the  Contamination  Requirements  and 
Development  Group  (CRDG).  The  criteria  ‘state  that  it  is  a 
design  and  operational  goal  for  the  Orbiter  and  Spacelab  to 
control  the  environment  within  the  following  limits: 

•-  Column  density 

10“  to  10“  em'^sH^O  +  COj 

10“  cm"^  ,  Oj  +  Nj 
10*®  cm'^,  other  gases 

•  Particulate  emission 


Parameters  of  interest  were  calculated  along  lines  of  sight  (LOS) 
identified  in  terms  of  the  angles,  6  and  <1>,  as  shown  in  Figure  . 
The  origins  of  the  LOS  are  at  X=28.12  m.  Y=0,  Z-12.88  m.  The 
data  for  the  materials  outgassing  were  obtained  from  previous 
experiences  with  the  outgassing  of  the  Skylab,  from  some  tests 
on  outgassing  of  sample  materials,  and  by  averaging  the  results  of 
the  24-hour,  125°C  volatile  condensable  material/toUl  mass  loss 
(VCM/TML)  selection  criteria  tests  on  sample  materials.  Other 
sources,  such  as  the  evaporator,  VCS,  and  cabin  leak  rates,  were 
obtained  from  analytical  estimates,  tests,  or  previous  experiences 
with  similar  systems. 


WATtn  BOiLtn 

THIRMA».«ONTBOI 

HVORAULICS  VtNTS 


OMS/BCS  FUIL  • 
a,OXIDI/Eh 

PRESSunE  nltlEF 
(SAME  FOR 
L  *1 «  TODll 


RCSPMMlini* 
RUICFI  L  FUFE 

,  rokiiiim 


FIlMIh. 

rcEiNEOUMP- 

'  POTABLE  WATER  tJUMF 
"  eCISSOXYGEN/NITROOEN  VENT* 


<1  discernible  particle  per  orbit  entering  1.5  X  l  O'® 
steradian  (sr)  field-of-view  along  any  line  within 
60  degrees  of  the  Z-axis  (discernible  particle  is 
diameter  within  1 0  km) 

•  Molecular  deposition 

<10*^  g/cm^ /30  days/27r  sr  on  300-K  surface 

<  1 0“^  g/cm^  /30  days/0. 1  sr  on  300-K  surface 

<10"*  g/cm^/30  days/0.1  sr  on  20-K  surface 

(10-*  g/cmV30days«  10*  ^  molecules/cm  Vs  average 

flux) 

^«1 -percent  optical  degradation  in  infrared  through 
ultraviolet  by  condensibles 


elemental  volume  geometry  (LOS  LOCATIONI 


Figure  1.  Shuttle  Configuration  Showing  Vent  Locations, 
Sources  of  Contamination,  and  Lines  of  Sight. 


•  Background  brightness 

Continuous  emissions  or  scattering  not  to  exceed  20th 
magnitude/s'^^  in  the  ultraviolet  (equivalent  to 
10-*^BoaI^=360X  10’^m). 

The  Particle  and  Gas  Contamination  Panel  (PGCP)  has  used  these 
criteria  as  the  basis  for  the  contamination  control  of  the  Orbiter. 
This  panel  is  implementing  recommendations  for  design  changes, 
material  selections,  contamination  control,  and  flight  and  ground 
contamination  monitoring. 

3.  SHUTTLE-INDUCED  ENVIRONMENT  DATA 


Figure  1  shoWs  the  Shuttle  configuration  with  the  vent  locations 
and  sources  of  contamination.  Martin  Marietta  Aerospace  and 
Johnson  Space  Center  have  used  the  Shuttle  Payload 
Contamination  Evaluation  Program  (SPACE)  to  model  the 
Shuttle  environment.  Among  other  things,  the  mode  includes 
tL  ^ortries,™he  materials  outgassing,  and  the  various  vent 
sources.  It  provides  an  estimate  of  the  gaseous  characteristic  of 
the  Shuttle  and  estimates  of  contaminant  deposits  on  surfaces. 


■(„nt.mtnaii<.n  Kcqulromcnts  and  Di.'v»l..pmcnt  (iioup,  Maishall  Spaco  l  liiihl 
July  22.  1975, 


Center, 


The  data  for  the  plots  in  Figures  2,  3,  and  4  were  provided  by  the 
PGCP  panel  at  Johnson  Space  Center  or  collected  from  Refs.  2 
and  3.  These  data  werp  obtained  using  the  Space  Computer 
Program.  Figure  2  shows  the  density  versus  distance  for  the 
Shuttle  at  a  dOO-km  oriiit.  It  shows  that  the  densities  produced 
by  the  evaporator  and  the  VCS  along  LOS-1  and  LOS-5  are 
maximum  at  about  10-15  m  from  the  Shuttle  origin.  Their 
magnitudes,  lO'"  -  lO'"  g/cm’,  are  equal  to  pressures  of  about 
7  X  10"‘  to  7  X  10  ®  torr.  The  maximum  densities  produced  by 
material  outgassing  at  maximum  temperatures  arc  8  X 
10'**  g/cm^  (--1  O'*  -  torr)  for  the  early  flight  desorption  and 
2.5  X  10‘**g/cm^  ('-10'^  torr)  for  outgassing  beyond  10  hours 
in  flight.  The  densities  for  low  temperature  conditions  are  also 
shown. 


jure  3  shows  the  column  densities  along  various  LOS  for  the 
little  at  a  400-km  orbit  produced  by  the  same  sources  as 
fore  These  column  densities  are  the  integrated  values  of  the 
nsity  in  a  column  1  cm’  of  area  from  the  surface  of  the 
,uttle  to  infinity.  As  shown,  the  columns  for  the  VCS  and 
aporator  are  in  the  lO'®  cm’’  range,  which  are  higher  than  the 
)>’  cm-’  columns  considered  acceptable.  The  plot  shows  t  a 
e  columns  produced  by  the  materials  outgassing  of  the  Shuttle 
cet  the  criteris  for  the  chosen  conditions,  Figure  4  shows  the 
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Figure  2.  Shuttle  Density  Versus  Distance  at  400’km  Orbit  Figure  4.  Shuttle  Return  Flux  Versus  LOS  at  400-kni  Orbit 
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return  fluxes  of  the  several  sources  produced  by  their  scattering 
with  residual  ambient  molecules  at  400-km.  These  molecules 
may  condense  or  adsorb  on  the  surfaces  on  which  they  impinge  if 
the  conditions  of  temperature  are  favorable.  The  return  fluxes  at 
this  altitude  are  approximately  1/32  of  the  returns  expected  at 
200  km.  Figure  4  shows  that  the  return  fluxes  of  the  evaporator 
and  VeS  are  about  3  orders  of  magnitude  higher  than  those 
produced  by  the  outgassing. 

The  data  shown  in  these  Figures  2,  3»  and  4  apply  to  a  400-km 
orbit.  For  lower  orbits,  the  return  fluxes  caused  by  ambient 
scattering  will  increase  as  shown  in  Figure  5  (Ref.  4),  At 
300  km,  the  return  is  approximately  4  times  larger  than  at 
400  km,  and,  at  200  km,  the  return  is  about  32  times  larger  for 
the  assumed  source  radii  of  1  ni  or  more.  At  these  altitudes,  the 
ambient  scatter  predominates  over  the  self-scattering  of  the 
sources,  which  may  become  important  at  altitudes  higher  than 
400  km.  The  density  and  column  density  are  not  affected  by 
altitude  being  a  function  of  the  source  strengtiis.  However,  as 
shown  in  Figure  6,  their  distributions  with  distance  change. 

For  orbits  higher  than  about  200  km,  the  density  is 
quasi-constant  for  about  1  m  from  the  source.  On  the  other  end, 
for  altitudes  near  100  km,  the  density  drops  rapidly  beyond  10 
to  1  5  cm.  These  considerations  could  be  helpful  for  instruments 
such  as  a  telescope  or  probe.  Moving  out  the  entrance  of  the 
instrument  10  to  1 5  cm  could  provide  much  lower  densities  at 
the  entrance  when  operating  at  lower  orbits. 

The  molecular  compositions  of  the  sources  from  the  Shuttle  and 
payloads  are  estimated  as  follows.  Larly  desorption  from 
materials  may  consist  of  about  60-perceiit  HjO.  25-percent  Hj, 
lO-percenI  C'Oj .  and  the  rest  ()j  and  other  molecules. 

Long  term  oulgassiii)*,  will  consist  almost  enliicly  ol  unreacted 
moiumiers  and  polvmci  cliain  hag.menls  I’lu'  aveiag.e  molecpiar 
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Figure  5.  D'ensity,  Pressure,  and  Flux  Ratios  at  the  Spacecraft 
Surface,  Produced  by  Outgassed  Molecules  Returning  to  the 
Satellite  (for  R) 
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F^'igur^  b.  Pressure  and  Density  Produced  by  Oulgassing  Versus 
Distance  from  the  Spacecraft  Surface 

mass  may  be  about  100-g/  mole.  The  evaporator  source  is 
entirely  water.  The  VCS  and  the  reaction-control  system  (RCS) 
sources  will  consist  of  about  30-percent  HjO,  30-percent  N, 
10-percent  CO,  20-percent  H,  and  the  rest  O,  NO,  Hj ,  and  some 
nonvolatile  materials.  (Although  it  is  not  shown  in  the  plots,  the 
RCS  induces  magnitudes  100  times  or  more  than  the  VCS.) 

4.  SATELLITE-INDUCED  ENVIRONMENT  DATA 

Payloads  carried  by  the  Shuttle  will  be  exposed  to  the 
environment  created  by  themselves  and  the  Shuttle.  The 
molecular  and  particulate  environments  produced  by  the 
payloads  are  not  known  at  this  time.  They  cannot  be  evaluated 
until  data  on  the  payload  designs,  missions,  functions,  etc.,  are 
known.  Calculations  similar  to  those  performed  for  the  Shuttle 
will  be  needed.  Some  specific  estimates  of  the  global 
environment  have  been  made  for  the  Shuttle  with  the  Spacelab 
and  with  Defense  Support  Satellite  (Refs.  5  and  6).  These 
estimates  are  based  on  conditions  that  exist  during  certain 
periods  of  the  flights  and  some  assumptions  on  the  magnitudes  of 
the  outgassing  sources.  In  this  document  data  from  past 
experience  on  satellite-induced  environments  afe  used  to  generate 
generalized  payload  environments.  These  environments,  together 
with  that  estimated  for  the  Shuttle,  can  provide  expected  global 
environments  for  future  payloads. 


The  author  obtained  data  on  spacecraft-induced  environments 
from  tests  in  large  vacuum  chambers.  Measurements  were  made 
on  the  Canadian  Technology  Satellite  (CTS),  the  Interplanetary 
Monitoring  Platform  (IMP-H)  and  the  Atmospheric  Explorer  D 
(AE-D).  The  CTS  weight  was  340  kg,  and  its  configuration  could 
be  assumed  to  have  an  equivalent  spherical  radius  of  1.37  m.  The 
IMP-H  weighed  about  260  kg  and  approached  a  cylinder  1.57  m 
long  with  a  1 .6-m  diameter.  The  AE-D  satellite  weighed  679  kg 
and  approximated  a  cylinder  1.14  m  long  with  a  1.36-m 
diameter.  Figure  7  shows  the  polar  flux,  density,  and  equivalent 
pressure  at  l-m  distance  and  in  a  plane  through  the  CTS  (Ref.  7). 


Figure  7.  Polar  Flux,  Density  and  Pressure  Produced  by  the 
CTS  at  1  m  from  its  Equivalent  Surface 
(equivalent  orbit  is  300  km) 


These  parameters  were  measured  as  a  function  of  time  with  two 
back-to-back  mounted  quartz  crystal  microbalances  (C)CM), 
cooled  at  LN^  temperature.  From  geometrical  considerations  and 
chamber  temperatures,  the  test  simulated  the  outgassing 
conditions  of  the  spacecraft  when  orbiting  at  300  km.  Figure  8, 
taken  from  Ref.  8,  shows  test  results  with  the  IMP  inside  the 
same  large  chamber.  In  this  case,  the  integrated  outgassing  flux 
versus  time  was  obtained  with  the  two  back-to-back  mounted 
tubulated  ion  gages  while  the  spacecraft  was  slowly  rotating. 

Mass  spectrometer  measurements  during  these  tests  indicated 
that  the  outgassing  consisted  of  about  90-percent  condensibles, 
\I<44  g/molc,  during  the  first  10  to  20  hours.  Later,  the 
condensibles  were  about  50-percent  of  the  outgassing,  and  there 
was  an  increasing  fraction  of  larger  molecular-weight  products. 
Complementary  information  on  spacecraft  outgassing  was 
obtained  from  tests  on  the  AE-C  (Ref.  9)  and  from  data  such  as 
those  listed  in  Table  1  (Ref.  4). 

Figure  9  shows  the  measured  changes  in  outgassing  rates  as  a 
function  of  time  and  angular  positions  from  the  CTS  test.  The 
measurements  were  taken  for  a  period  of  about  150  hours, 
beginning  after  the  spacecraft  had  been  in  the  chamber  for  about 
10  hours.  Most  of  the  outgassing  curves  in  this  plot  show  a  decay 
with  time  according  to  a  t  '  ^  -t  *  ®  law,  with  the  exception  of  the 
angular  positions  at  190  and  235  degrees,  which  show  a  rate 
approaching  a  t  law.  These  laws  reflect  a  diffusion-controlled 
outgassing  process.  In  fact,  the  solution  ol  tlic  equation  tor 
diffusive  oulgassing  of  a  slab  of  material  is  an  exponential 
function  of  time  that  approaclies  a  t  slope  for  an  initial  period 
of  time  and  then  changes  to  a  slope  whose  asymptodc  is  a 
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Figure  8.  IMP-H  Spacecraft  Outgassing  Flux,  ,  Versus 
Time  at  its  Surface 


Table  1 

Fstimateil  Satellite  Gaseous  Parameters 


Calculations 
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curve  (Ref.  10).  The  time  at  which  the  two  slopes  intersect  is 
dictated  by  the  thickness  and  diffusion  coefficient  of  the 
material.  Tliis  would  indicate  that  the  outgassing  at  the  two 
angular  positions  with  the  t-‘/2  decay  eventually  decay  like  the 
others  according  to  t-»/2.  In  Figure  9,  the  total  outgassing  of 
IMP-II  shown  in  Figure  8  has  been  superposed  on  the  outgassing 


rates  of  the  CTS  and  its  outgassing  decay  also  sliows  a  similar 
time  dependence.  The  outgassing  was  not  measured  during  the 
early  hours  of  vacuum  exposure  because  the  large  amount  of 
outgassing  at  those  times  would  rapidly  saturate  the  measuring 
instruments.  The  early  outgassing  consists  mainly  ot  gases 
desorbed  from  the  surfaces.  This  early  outgassing  decays  rapidly 
to  a  much  lower  rate  within  1  to  2  hours. 
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5.  SHUTTLE  OUTGASSING  TIME  DEPENDENCE 

figures  2,  3,  and  4  show  the  shuttle  environment  calculated  for  a 
4b0-km  orbit  and  at  discrete  times.  The  curve  labeled  “Early 
Desorption”  is  taken  as  the  outgassing  conditions  that  exist 
‘during  the  first  10  hours  of  flight,  whereas  the  cuire  labeled 
“6utgassing”  appears  to  correspond  to  the  outgassing  conditions 
f  afe  100  houre.  In  the  absence  of  definite  outgassing  versus  time 
%  definition  of  the  Shuttle  outgassing,  it  is  suggested  that  its 
Oiif^assing  versus  time  may  be  similar  to  that  of  the  CTS  and 
IMP  H.  There  are  some  supportive  arguments  for  this 
assumption.  According  to  some  results  of  outgassing 
measuremerits  of  the  Skylab  and  the  Orbiting  Geophysical 
Observatory  (OGO)  reported  in  Ref.  3  for  the- early  hours  of  the 
flight,  the  outgassing  could  be  represented  by  an  exponential 
decaying  function  with  a  time  constant  of  about  18  hours.  This 
w:as  followed  by  another  exponential  with  a  much  longer  time 
constant.  For  100  hours,  using  the  exponential  with  an  18-hour 
tiWie  constant,  the  drop  in  outgassing  rate  is  comparable  to  the 
drop  indicated  by  the  3/2  function.  For  a  lO-hour  span,  the 
drop  from  the  same  exponential  equals  that  given  by  the  1/2 
function. 

The  long-term  outgassing  can  be  associated  to  a  slow  rate  of 
degradation  of  the  material.  Another  supportive  argument  to  the 
assumption  may  be  provided  by  recent  tests  (Ref.  11}  ''ii  the 
RTV  560  silicone  rubber  used  extensively  for  thermal  protection 
of  the  Shuttle.  These  tests  showed  that  the  outgassing  of  this 


material  followed  the  classical  diffusion-controlled  process.  In 
view  of  these  considerations,  it  is  assumed  that  the  Shuttle 
outgassing  decays  similarly  to  that  of  the  CTTS  and  IMP-H  (i.e., 

approximately  with  at- ^2  law).  This  decay  should  be  valid  for  a 

period  from  sometime  before  10  hours  to  a  time  at  which  this 
outgassing  curve  intersects  the  long-term  outgassing.  The 
magnitudes  for  “early  desorption”  will  be  assumed  to  exist  at  10 
hours.  Regardless,  it  will  be  seen  later  that  the  total  environment 
for  the  payloads  will  be  dictated  by  their  own  outgassing. 

6.  PAYLOADS  REPRESENTATION 

As  mentioned,  the  Shuttle  payload  environment  was  obtained  by 
combining  the  Shuttle  data  shown  in  Figures  2,  3,  and  4  with  the 
experimental  data  from  the  mentioned  spacecraft.  The  Shuttle 
data  for  early  desorption  were  taken  to  exist  at  10  hours,  and  the 
outgassing  was  a  long-term  condition.  The  magnitudes  were  taken 
at  a  1-m  distance  from  the  origin  along  LOS  (lines  of  sights) 
showing  maximum  values.  Tlie  IMP-H,  which  may  simulate  a 
scientific  payload,  and  two  configurations  of  the  CTS 
technological  satellite  arc  representative  payloads.  One 
configuration  is  a  CTS-Maximum  (CTS-M)  that  represents  a 
spacecraft  that  includes  a  spent  solid  motor  with  10-hour 
outgassing  rate  corresponding  to  the  maximum  flux  shown  in 
Figure  7.  The  other,  designated  CTS- Average  (CTTS- A)  and 
representing  an  average  spacecraft  of  that  type  without  a  spent 
motor,  has  a  flux  at  10  hours  that  corresponds  to  the  integrated 
average  of  that  shown  in  Figure  7.  Additional  data  on  combined 
Shuttle  payload  environment  were  obtained  from  Ref.  5,  which 
provided  predictions  for  early  desorption  and  later  outgassing  of 
the  STS  with  the  long  module  one  pallet  (STS/LMOP)  at 
200-  and  250-km  orbits. 

7.  EVALUATION  OF  THE  SHUTTLE  PAYLOAD 
ENVIRONMENT  PARAMETERS 

Data  for  the  Shuttle  at  a  400-km  orbit,  for  CTTS  and  IMP-H  at  a 
300-km  orbit,  and  for  the  STS/LMOP  at  a  200-  to  250-km  orbit 
have  been  reevaluated  for  altitudes  of  200,  300,  and  400  km. 
The  following  established  relationships  have  been  used  for  each 
parameter. 

The  direct  flux  is  given  by 

0,,  ^  n  V,,  (cm'^  s  ')  (1) 


where  n  (cm"^)  is  the  density  ,  and 

V  =  =  1 .45  X  10^/-^  (cm  s  ’)  (2) 

is  the  mean  outgassing  velocity  of  the  molecules  of  molecular 
mass,  M  (g/mole),  and  temperature,  T(K). 

The  ambient  scattered  return  fluxes,  (cm-^s*'  ),  were  obtained 
from  Refs.  4  and  12: 
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where  R  (cm)  is  the  radius  of  the  emitting  source,  \  (cm)  is  the 
ambient,  mean-solar-activity,  mean  free  path  (Ref.  13),  v 
(cms-* )  is  the  mean  outgassing  molecular  velocity,  and  V  is  the 
orbital  velocity.  This  relationship  appears  in  Figure  5.  ' 

The  column  density,  N^  (cm*^).  is  approximated  in  Ref.  12  by 


"0  *'D*' 

Np  =  ~  - - nR  (cm-^)  (4) 

s  '"d 

The  molecular  self-scattering  llux,  ip^  (cnr's-‘ ),  which  is 
complementary  to  the  ambient  scattering,  was  evaluated  by 
using  the  approximate  relation  (Ref.  1 2) 


178  X  10  “ 


(cinqs')  (5) 


where  o  (cm^ )  is  the  molecular  cross  section,  and  the  other 
terms  are  the  same  as  before. 


8.  SHUTTLE  PAYLOAD  COMBINED  ENVIRONMENT 

The  following  paragraphs  describe  the  predicted  molecular 
environments  of  the  Shuttle  and  of  the  Shuttle  with 
representative  payloads  CTS-A,  CTS-M,  IMP,  and  LMOP  with 
reference  to  Figures  10  through  13.  The  predicted  parameters 
are  density,  column  density,  direct  flux,  and  return  fluxes. 

8.1  Density 

As  shown  in  Figure  1 0,  the  presence  of  payloads  in  the  bay 
increases  the  density  of  the  STS  at  1  m  by  orders  of 
magnitude.  The  density  is  dictated  by  the  payloads  until  their 
rates  of  outgassing  are  the  same  as  those  of  the  STS.  The 
calculated  data  for  the  STS  and  the  STS  plus  the  LMOP 
include  a  long-term  density  value.  These  have  been 
incorporated  and  are  shown  on  the  respective  density  plots. 
The  natural  ambient  densities  at  200,  300,  and  400  km  are 
indicated  for  comparison. 

Payloads  similar  to  the  CTS-M  will  induce  densities  equal  to 
the  ambient  density  at  300  km  after  7  days  in  orbit.  Those 
similar  to  the  IMP  and  the  CTS-A  will  have  the  same 

equivalent  density  after  50  to  60  hours  and  1 5  to  20  hours 

respectively.  The  STS/LMOP  payload  will  be  in  a  density 
equal  to  the  300-km  natural  density  after  many  days.  Note 
that  the  decay  ratcs(t  V2)  used  here  are  faster  than  the  linear 
or  square  root  decays  that  may  also  exist.  Also,  the  presence 
in  the  bay  of  additional  payloads  with  similar,  same  order 
magnitude  outgassing  will  not  significantly  change  these 
environments. 


8.2  Column  densities 

Figure  1 1  shows  the  column  densities  versus  time  that  result 
from  combining  the  Shuttle  and  payloads.  Disregarding  the 
molecular  constituents  of  the  columns,  the  criteria  goal  of  the 
10*2  cm“2  HjO  column  will  be  met  within  10  hours  with 
CTS-A,  within  35  hours  with  the  LMOP,  witliin  10  hours  with 
IMP-H,  and  in  about  30  hours  for  a  payload  with  the  CTS-M 
characteristics.  However,  the  H^O  content  of  the  column  is 
estimated  at  about  60  percent  after  10  hours  in  orbit  and  less 
than  10  percent  thereafter.  With  this  estimate,  the  criteria  arc 
met  when  the  total  column  has  a  value  of  about  10*^ cm “2, 
which  would  exist  for  most  of  these  payloads  within  10  hours 
after  launch.  Although  the  columns  produced  by  the  VCS  and 
evaporator  are  considerably  higher  than  tlie  criteria,  they 
will  exist  only  during  their  operations  and  for  a  few  minutes 
thereafter. 

8.3  Direct  tluxes 


The  densities  that  the  VCS  and  the  evaporator  induce,  which 
are  maximum  at  about  1 2  m  from  the  bay,  are  also  shown. 
The.se  are  always  greater  than  those  that  the  payloads  produce 
with  some  exceptions  during  the  early  hours  of  the  flight. 
However,  the  large  densities  will  dissipate  rapidly  after  the 
emissions  stop,  as  will  be  discussed  later.  The  densities  along 
different  lines  ot  sight  and  different  distances  can  be  deduced 
from  Figure  2. 


Figure  12  shows  the  direct  fluxes  at  1  m  that  are  produced  by 
the  STS  and  payloads.  The  fiuxes  for  the  STS  and  the 
STS/LMOP  were  calculated  from  the  densities  shown  in 
Figure  2,  using  appropriate  values  for  temperatures  and 
molecular  weight,  and  from  the  return  fiuxes  and  column 
densities  given  in  Ref.  5.  The  direct-flux  calculations  assume 
that  the  sources  are  from  cylinders.  The  full  reflection  of  the 
outgassing  from  the  bay  liner  increases  the  fluxes  by  a  factor  of 
2  without  anVeting  the  order  of  magnitude.  'I’hese  calculated 
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fluxes,  with  data  on  view  factors,  nature  of  the  constituents, 
and  temperatures,  can  provide  estimates  of  contamination  risks 
on  surfaces.  For  comparison.  Figure  12  shows  the  flux  that 
corresponds  to  a  monolayer  of  H,0.  The  monolayer  flux 
will  be  established  after  35  to  40  hours  for  the  LMOP  and 
CTS-M  and  after  1 0  to  1 2  hours  for  the  IMP-H.  Figure  1 2  also 
shows  self-scattering  magnitude  of  the  flux  from  the 
STS/CTS-M.  Us  magnitude  is  about  three  orders  of  magnitude 
less  than  the  direct  flux  and  one  order  less  than  the  ambient 
scatter  at  a  400-km  orbit  (Figure  1 3). 


8.4  Return  fluxes 

In  addition  to  the  direct  fluxes,  return  fluxes  are 

the  scattering  of  the  emitted  molecules  with  the  ambient  mole 

cules  and  particles.  The  return  flux  is  a 

magnitude  of  the  molecule  cross  sections  and  of  the  ambient 
density  It  decreases  with  orbit  altitudes  and  becornes 
.bo«  «» .0  700  Fi,.»  13 

the  estimated  returns  on  a  2ir  surface  for  altitudes  o  ,  > 

and  400  km  for  the  STS,  for  the  STS  with  the  payloads,  and  for 

the  VCS  and  evaporator. 

The  recommended  goal  of  a  return  flux  not  larger  than 
10>>  molecules/cm>  (corresponding  to  H,0  accumulation  of 
1 100  monolayers  in  1  week)  will  be  achieved  for  a 
after  7  days  by  the  Shuttle  with  the 

and  after  about  40  hours  for  the  Shuttle  with  the  CTS-A^  For 
300-km  orbit,  lO^cm-’  is  achieved  after  60  hours  by  the  IMP, 


Figure  1 2.  Direct  Flux  at  1  m  Versus  Time  for  STS  with  Payload 


after  140  hours  by  the  CT^U,  and  after  12  hours  by  the 
CTS-A.  At  400  km,  the  criteria  are  achieved  earlier.  The  STS 

alone  achieves  the  criteria  within  2  hours  at  400  km  and  within 
12  hours  at  200  km.  The  STS/LMOP  shows  a  long-term 
compliance  with  the  criteria.  The  return  from  the  VCS  and 
evaporator  will  not  meet  this  criteria  at  any  of  the  altitudes 
considered.  As  indicated  previously,  the  magnitude  of 
self-scattering  within  the  emitted  Oux  of  the  STS/CTS-M  was 
shown  for  convenience  in  the  plot  for  the  direct  flux.  It  is 
about  one  order  of  magnitude  less  than  the  ambient  return  flux 
for  this  payload  at  a  400-km  orbit. 

9.  SURFACE  CONTAMINATION 


ie  gaseous  environment  to  which  payloads  in  the  Shuttle  bay 
ill  be  exposed  (as  derived  in  the  previous  pages)  can  be  used  to 
itimate  contaminant  deposits  on  critical  surfaces.  In  addition 
)  the  source  and  the  nature  of  its  constituents,  additional  data 
■e  needed  on  the  temperature  of  the  surface  and  its 
sometrical  view  factor  with  respect  to  the  source.  The 
jlloWing  paragraphs  discuss  contamination  on  surfaces  in  the 
ay  that  have  direct  or  limited  view  of  the  source  and  are  at  ^ 
ormal  or  cryogenic  temperatures.  In  particular,  it  discusses  the 
Tobable  contamination  of  CUR  (Ref.  14),  which  has  been 
.roposed  as  an  instrument  to  be  carried  on  the  Shuttle.  CUR 
ncludes  a  telescope  with  detectors  at  10  K,  a  25-cm 
nirror  at  30  K,  and  a  baffle  at  1 1 5  K.  The  view  factor  of  the 
nirror  is  approximately  6,2  X  lO'* .  However,  before  the 
leposits  can  be  estimated,  the  tools  for  the  calculations  must  be 
eviewed  and  developed. 
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Figure  13.  Molecular  Return  Flux  Versus  Time  and  Orbit 
for  STS  with  Payload 


Although  the  outgassing  consists  of  many  different  molecules, 
the  analysis  and  calculations  for  its  deposit  and  reemission  from 
surfaces  has  been  carried  out  as  if  it  were  an  equivalent  single 
material.  The  contaminant  source  has  been  assumed  to  consist 
mainly  of  material  having  characteristics  similar  to  water  and  to 
include  some  low  vapor-pressure  materials  similar  to  the  DC-705 
silicone  oil.  This  oil  has  an  equivalent  average  vapor-pressure 
and  activation  energy. 


depending  on  whether  it  is  a  sublimation  (evaporation)  or  a 
surface  desorption  process.  For  an  evaporation,  it  is  given  by 
the  Langmuir  expression, 


3..S2  X  10” 

JFfs 


pp 


(cm'^  s'*) 


(7) 


where  ^  'v  1  is  the  evaporation  coefficient,  (torr)  and  Tg  (K) 
are  the  equivalent  saturated  vapor  pressure  and  temperature  of 
the  material,  molecular  mass,  M  (g/mole),  on  the  surface  at  Tg. 
In  a  desorption  process,  the  flux  is 


i 


where  N(cm’^  )  is  the  number  of  molecules  adsorbed  on  the  unit 
surface,  Tq  'V  10'‘^(s)  is  the  oscillation  period  of  the  molecule 
on  the  surface  at  room  temperature,  E  (cal/mole)  is  the  activation 
or  binding  energy  of  the  molecule  on  the  surface  (depending  on 
the  nature  of  the  molecules  and  somewhat  on  the  surface),  and  R 
(cal/mole/K)  is  the  gas  constant.  The  grouping,  r  =  E/RT  (s), 
is  the  residence  time  of  the  molecule.  An  integration  of  the 
foregoing  desorption  flux  equation  gives  the  molecular  density  on 
the  surface,  o  (cm"* ),  as  a  function  of  time,  t(s): 

I 

a  =  %  c  (cm  *)  (9) 


where  Oq  (cm"*)  is  the  initial  deposit  density.  Applying  the 
conservation  of  mass,  the  rate  of  molecules  accreting  or  leaving 
the  surface  per  unit  time  is 

dN^ 

— ^  ^  (cm  *  s  ')  (10) 

di  '  ‘ 

For  condensation  on  the  surface,  relation  for 

this  case  will  be 


10.  THEORY 

The  flux  of  contaminant  impinging  and  sticking  on  a  unit 
surface,  is  a  function  of  the  strength  of  the  source,  the  view 
factor,  7,  and  the  sticking  (accommodations)  factor,  of.  For  a 
variable  source,  it  can  be  expressed  as 


*0  /  -2  ‘t\ 

0  =  0  7  -  ^*«**  '^  >  (6) 

where  n  is  the  exponent  of  the  source  decay  function,  which 
has  a  magnitude  of  0,^  (cm"*  s"* )  at  time  t (s).  The  subscripts 
“10”  in  these  two  terms  indicate  that  reference  values  at  10 
hours  have  been  chosen.  Any  other  set  of  values  could  have 
been  used.  The  sticking  coefficient,  a,  is  close  to  1  for  the 
sources  and  surface  temperatures  under  considerations. 

Ref.  15  contains  a  list  of  its  values.  The  flux  of  contaminant 
that  leaves  the  surface,  0|^ ,  can  be  expressed  in  different  forms. 


dN^ 

dl 


3.52  X  10** 


(f's 


(em'^s') 


The  accumulation  reaches  its  maximum  when  dN^/dt=0 
Thereafter,  the  second  term,  0^^ ,  predominates,  and  the  molecules 
leave  the  surfaces.  The  time,  t^ ,  corresponding  to  maximum 
accumulation  is 


Therefore,  knowing  the  depositing  material  properties  (Pg,  M,  Tg) 
and  the  source  intensity,  one  determines  the  time  when  accumu¬ 
lation  stops  and  the  contaminant  begins  to  leave  the  surface  (if 
not  affected  by  radiation).  Tlic  number  of  molecules  N,  on  the 
surface  as  a  function  of  time  can  be  found  by  integrating  equation 
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10  between  tj,  the  time  of  initial  exposure  to  the  flux,  and  time 
t.  The  integration  for  positive  values  of  n  gives: 


when  the  residual  deposit  will  eventually  be  dictated  by  the 
adsorption  process. 


t 

N  =  «■')' 0,0 ‘"h,  J  t-"dt  - 


3.52  X  10” 


OP.O-'i) 


(cm*^)  (13) 


For  n<l, 


N 


1  -  n 


1  3.S2  X  10” 

J  ’  ym' 


31*,  C-S) 


(14) 


For  n  =  1 , 


3.52  X  10” 


3P  (‘-‘i) 


(15) 


In  all  of  the  foregoing,  the  effects  of  radiation  exposure  on  the 
deposited  material,  which  may  affect  the  energies  of  sublimation 
and  desorption  and  the  characteristics  of  the  material,  have  been 
ignored  because  of  lack  of  information. 

Figure  14  is  a  plot  of  the  time  of  maximum  accumulation  of  a 
flux,  07010 »  which  is  decaying  as  t  ^/^  and  impinging  on  a  surface 
at  T^.  The  flux  is  specified  by:  (1)  the  sticking  coefficient, 
obtainable  from  literature;  (2)  the  view  factor,  7,  calculable  from 
geometry;  and  (3)  the  magnitude  of  the  source,  0^0 .  conveniently 
taken  at  tjo  =  lO  hours  in  this  case.  The  time  is  strongly  dependent 
on  the  saturated  vapor  pressure  of  the  contaminant, 
corresponding  to  the  surface  temperature,  T^.  The  plot  includes 
equivalent  fluxes,  varying  from  10’  to  10^’  em'^s’*  for 

contaminants  considered  to  be  HjO  and  equivalent  fluxes  of 
E)C-705  silicone  oils  varying  from  10*^  to  10^''  cm‘^  s’* .  The  latter 
material  is  included  as  a  representative  of  very  low  vapor-pressure 
materials.  Their  vapor  pressures  have  been  calculated  from  the 
Clapeyron  equation,  In  P^=A-B/'j'  ,  with  A=  10.48  and  2680 
for  H^O  and  A=12.1 1  and  B=642“4  for  DC-705.  The  times 
corresponding  to  1-week  and  1 -month  flights  are  shown  for 
reference. 


Forn>l, 


N  = 


<*70,0 
n-  1 


3.52  X  10” 


3P  (t-t.) 


(16) 


Equation  16  is  applicable  to  sources  decaying  as  ,  which  we 
have  used  in  the  description  of  the  payloads  environment.  If 
the  flux  leaving  the  surface,  as  given  by  the  Langmuir  expression, 
is  greater  than  the  impinging  flux,  condensation  cannot  occur. 
However,  a  number  of  monolayers  can  form  on  the  surface  by 
virtue  of  short-range  surface  forces.  The  mass  conservation  in  that 
case  is 


dN,  <>70,0  t^o  N^p 

dt  t" 


(em'^s’*)  (i7) 


which,  for  the  maximum  number  of  adsorbed  molecules  when 
dN^/dt  =  0,  gives  ^ 


Figure  14.  Time  for  Maximum  Deposit  of  H^O  and  DC-705  Oil 
on  a  Surface  at  T(K)  for  Flux  Decaying  as  and 
Having  a  Valueay0,o  at  10  Hours 


This  equation  indicates  a  sequence  of  equilibrium  conditions. 

The  molecules  on, the  surface  will  be  maximum  when  the  flux  is 
maximum  at  the  earliest  exposure,  and  the  quantity  is  strongly 
affected  by  t=  exp  E/RT,.  Although  the  molecules  will  be 
leaving  the  surface  as* the  impinging  flux  decays,  a  number  of  them 
will  remain.  The  number  of  molecules  left  depends  on  the  binding 
energy  that  can  be  effective  up  to  several  monolayers,  on  the 
surface  temperature,  and  on  the  residual  flux.  The  time  of 
maximum  deposit,  t„ ,  found  previously  is  indicative  of  the  time 


Figure  1  5  is  a  plot  of  the  percent  of  accumulation  on  a  surface 
as  a  function  of  time.  It  was  obtained  from  equation  16.  It  shows 
that  70  percent  of  the  total  is  deposited  within  10  hours  anci 
90  percent  is  deposited  in  100  hours.  For  a  t*wcck  mission,  the 
deposit  is  92  percent,  and  for  a  1 -month  mission,  it  is  96  percent 
of  the  full  accumulation.  Figure  1 6  shows  the  deposit  (cm‘* )  or 
the  thickness  (cm)  taken  to  be  H^O  on  a  cryogenic  surface  as  a 
function  of  time  and  equivalent  flux.  This  was  obtained  from 
equation  16  with  the  second  term  assumed  to  be  negligiblCv 

Figure  17  siiows  the  effect  of  delaying  the  exposure  or  cooling 
down  of  the  surfiicc.  For  a  surface  exposed  40  hours  after  the 
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Figure  15.  Fraction  of  Full  Outgassing  (deposit)  Versus  Time 
for  Source  Decaying  as  t-’/» 


Tint  (Ih) 


Figure  17.  Fraction  of  Total  Contamination  Remaining  when 
Surface  is  Exposed  or  Cooled  Down  t(hr)  after 
Mission  Starts 


mission  starts,  the  deposit  will  be  about  9  percent  of  that  expected 
in  1  week  and  13  percent  of  that  for  1  month.  For  comparison, 
the  plot  shows  similar  information  for  a  source  that  decays 
linearly  with  time.  A  source  decaying  as  t-*/^  will  require  longer 
delay  times  than  the  linear  relation  to  provide  the  same  reduction 
in  deposits. 

1 1 .  PREDICTED  CONTAMINANT  DEPOSITS  ON 
SHUTTLE  PAYLOADS  SURFACES 

Assuming  that  the  Shuttle  bay  environment  is  dictated  by 
payloads  similar  to  the  CTS-M  or  LMOP  and  that  an  instrument 
such  as  the  CLIR  telescope  is  among  the  payloads,  the 
contaminant  deposits  on  its  critical  surfaces  can  be  estimated. 
The  results  of  these  calculations  for  a  200-km  orbit  are  listed  in 
Table  2  and  discussed  in  the  following  paragraphs. 

11.1  Early  stages  of  flight 


Figure  16.  Maximum  Molecular  Deposit  on  Surface  Versus  Time 
for  Contaminant  Flux  Decaying  as  tr^/J  and  Having 
a  Value  Q'/Oio  at  10  Hours 


The  gaseous  conditions  existing  in  the  Shuttle  bay  during  the 
early  stage  of  flight  with  the  door  closed  or  open,  can  be 
estimated  by  using  the  equations  or  plots  of  Figures  10,  11,  12, 


Table  2 

Instrument  Contamination  Predictions  for  Shuttle  with  LMOP/CTS-M-Type  Payload  at  200-km  Orbit 
(Surface  view  factors:  y  =  1 ,  direct  surface/CLIR  telescope  forward  baffle;  y  =  6.2  X  IO-2,  CLIR  mirror) 
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and  13.  Extrapolating  the  curves  to  1  hour  in  flmht,  the 
following  conditions  should  exist  in  the  bay:  density,  about 
3  5  X  10'^  cm'^  direct  flux,  about  1.5  X  10  cm  s  ,  column 

density  2.5  X  10‘^m-’ ;  and  return  flux  (with  bay  door  open), 
about  1  4  X  10'^cm-^  s-> .  For  convenience,  Figure  18  is  included 
to  permit  rapid  conversion  from  molecular  flux  rates  to  mass  flux 
ratL  The  indicated  density  at  1  hour  corresponds  to  a  ° 

about  1.08  X  10-“  torr.  The  contamination  on  a  surface  at  290  K 
that  may  occur  during  this  period  is  estimated  as  follows. 
Figure  14  shows  that,  for  H,0  fluxes  of  1 .5  X  10- ,  the  deposits 
on  a  290-K  surface  occur  for  less  than  100  seconds.  T'®®®  ’ 

the  maximum  deposit  is  about  lO-cm'^  or  less  than  10 
monolaycts  of  H,0.  After  100  seconds,  these  monolayers 
evaporate  quite  rapidly  because  of  the  high  H,0  vapor  pressure  at 
290  K,  but  the  surface  may  retain  a  lew  monolayers  y  vir  ue 
surface  forces. 


M -  18 (HjO) . 


M  «  44  (COj 


10 FLUX  RATE,  m  “  S’”*  ^ 

Figure  18.  Conversion  Data  from  the  Mass  Flux  Rate,  m.  to  the 

Number  Flux  Rate,  N  (1 /cm^ -sec) 

However,  if  the  foregoing  flux  includes  a  fraction,  say 
0.1  percent,  of  the  so<alled  volatile  condensable  ma  enals 
(VCM)  as  per  material  selection  criteria,  this  matena  wi 
accumulate  on  a  290-K  surface.  The 

for  a  period  of  7.7  X  10'  seconds,  as  shown  by  Figure  14  for  a 
nC-705  flux  at  10  hoursbf  5  X  10*'  (Figure  12)  The 

deposit  will  be  about  9.12  X  lO'^  crn  thick  because  the  direct 
flux  of  this  material  has  a  value  of  1 .5  X  1 0  at  1  hour^  I 
addition,  when  the  bay  door  is  open,  the  . 

VCM  material,  has  a  value  at  10  hours  of  5  X  10  (Figure  3), 
contributes  to  the  deposit.  The  deposit  of  th«  on  the 

continue  for  lO’s,  and  the  deposit  will  be  1.1  X  10  cm  on  h 
exposed  surfaces  at  290  K.  Thereafter  the  totalVOMdepas^ 

thickness  of  9.2  X  lO-cm  will  ‘>®®*®** ^  .  q  ,  X  iJ-  cm  ThU 
to  191  hours,  the  thickness  should  be  about  9. 
was  calculated  using  equation  8  for  E=25  kcal/mole  and  T,>290  K. 
resulting  in  a  residence  time  of  1 0' s. 

11.2  Ontaassingdepo'^its  on  cryogenic  surfaces 

The  outgassing  direct  flux  at  10  hours  is  about  5  X  10‘W's-' 


mission.  The  total  accumulation  can  be  obtained  froni  Figure 
16  In  fact,  the  deposit  for  the  direct  flux  (oord„=  5X10)  lor 
a  i-week  mission  will  be  5  X  10"  cm.  The  return  flux 
(ervd  =5  X 10'“)  will  produce  a  thickness  of  4  X  10  cm  during 
the  same  period.  This  thickness  could  result  at  the  forward 
baffle  of  the  telescope  where  the  temperature  is  less  than  1 40  K. 

The  corresponding  deposits  on  surfaces  with  a  view  fa®‘or  of 
7=6.2  X  10‘^,  such  as  those  for  the  CUR  telescope^  will  be 
3.1  X  lO-’cm  for  the  direct  flux  (07(#i,o=3.1  X  10'“)  and 
2  5  X  10-“ cm  for  the  return  flux  (o7d,o=3  X  10'').  These 
deposits  will  be  about  10  percent  higher  for  a  1-month  mission, 
as  shown  in  Figure  1 5.  To  show  the  effect  of  delaying  the 
exposure  on  the  cooling  down  of  the  surfaces,  Table  2  shows  the 
deposits  calculated  for  a  delay  of  40  hours.  They  are 
approximately  one  order  of  magnitude  lower  than  those 
calculated  for  the  immediate  exposure  at  1  hour.  Figure  17 
shows  the  delaying  effect.  Note  that  the  foregoing  calculations 
were  made  assuming  HjO  as  the  gaseous  fluxes.  However, 
according  to  Figure  1 4,  they  are  valid  for  any  matenal 
pressures  less  than  those  of  H,  O.  If  the  surfaces  are  at  T,>140  K, 
the  accumulations  could  terminate  before  the  end  of  the  mission. 
The  calculations  would  be  carried  out  in  the  same  manner  using 
Figure  1 4  to  obtain  t^  ,  and  Figure  1 6  or  equation  1 6  to  obtain 
maximum  deposits  for  a  span  of  time  . 

11.3  Deposit  rates  of  VCS  and  evaporator  produc^ 

Return  fluxes  from  the  evaporator  and  VCS  at  200-km  orbits  are 
R  X  10'“  and  1  95  X  10''cm"s-',  respectively,  as  shown  m 
Figure  13.  The  H,0  from  the  evaporator  will  deposit  at  a  rate  of 

rS  x  10  - cm/s  on  a  cryogenic  surface  T  <140 

view  of  the  flux,  such  as  that  of  the 

telescope.  The  deposit  rate  on  the  mirror  (7'-6.2  X  10  ) 

1  48  X  1 0-’  cm/s.  The  corresponding  rates  for  the  V«  prod 

“  si  X  10  •  -  3.6  X  10-™,.,  „sp.c.1,*.  T1.=« 

magnitudes  are  of  the  order  of  monolayers  per  There 

will  be  no  deposits  on  surfaces  at  T>140  K  of  '° 

content  of  the  outgassing  products.  However,  if  the  VCS 
products  are  estimated  to  contain  a  0.1 -percent 
low-vapor-pressure  material,  they  could  deposit  at  a  rate  o 

,  x7o-'<>cm/sonasurfacewith7=6.2X  10"  field  of  view  and 
1.6  X  10"“  cm/s  on  a  direct-view  surface. 


11.4  Oxygen  deposits  on  cryosurfaces 


At  200  km.  the  natural  concentration  of  O  is  4.05  ^ °  J" 

O  is  1  91  X  10'“  m-’  (Ref.  13).  The  average  velocities  of  O  and 
o!  are  1.5  km/s  and  1.08  km/s,  and  their  temperatures  vary 

7=6  2  X  \0-' ,  the  flux  is  9.3  X  1  O''  cm"  s'  ,  which  corresponds 
to  a  pressure  of  4.58  X  lO'"  torr  as  per  Langmuir  equations  wit  . 
T=  1 500  K  and  M=  1 6.  Because  the  vapor  pressure  ol  O,  at  30  K 
is  about  1  2  X  lO-'  torr,  accumulation  ol  oxygen  should  not 
occult  the  mirror-surface  temperature  or  on  surfaces  at  100  K. 
If  however,  the  telescope  is  pointed  along  the  velocity  vector, 
the  oxygen  flux  on  any  surface  of  the  telescope 
„V-  3  2  X  10'*  cm"  s-'  where  V=8  km/s.  This  is  equivalent  to 
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Tj=300  K  on  a  surface  at  T  =20  K  is  0.86.  Further,  Ref.  1 6  gives 
the  relation  ( !-€)**'=( ]-C^)  «  for  the  evaluation  of  C  at  a 
temperature,  T,  of  the  gas  for  the  same  surface  temperature. 
Assuming  that  the  temperature  of  the  gas  is  proportional  to  the 
square  of  its  velocity,  the  temperature  of  the  oxygen  at  8  km/s 
could  be  equal  to  42666  K.  The  sticking  coefficient  from  the 
foregoing  relation  can  be  calculated  to  be  1.37  X  10'^  and  the  O 
accretion  rate  in  this  case  could  be  1.02  X  10“^  cm/s.  The  heat 
inputs  produced  by  these  fluxes  to  the  surface  were  estimated  to 
be  about  2.2  X  10"’  cal/cm^/s,  which  arc  equal  to  the  emissive 
power  of  a  blackbody  at  20  K  (Ref.  1 5). 

1 2.  METHODS  FOR  REDUCING  CONTAMINATION 

The  following  paragraphs  describe  some  of  the  measures  that  can 
be  used  for  alleviating  the  contamination  predicted  previously. 
The  discussion  of  these  measures  is  complemented  with  a  list  of 
suggested  design  and  operational  contamination  controls.  The 
methods  of  contamination  control  discussed  in  detail  arc; 

(1)  purging  the  telescope;  (2)  periodic  sublimation  of  deposited 
materials;  and  (3)  time  required  for  protecting  the  surfaces  both 
during  and  after  operation  of  the  evaporator  and  the  VCS 
systems. 


With  the  specified  geometry  and  gas,  the  above  indicates  that  the 
pressure  should  be  greater  than  5.4  X  10"^  torr.  The  throughput 
of  a  gas  at  pressure  P  through  a  tube  of  area  A,  diameter  D, 
length  L,  and  velocity  V  can  be  estimated  as: 


4  D  /  I  \  p 

0  = - (-AV  1 

.1  1.  \  4  /  KT 


(22) 


This  equation  for  D=25  cm,  A=487  cm’ ,  L=100  cm,  T^'lOO  K, 
V=7.25  X  lO^cm/s  and  P=5  X  10"'*  torr,  indicates  a  requirement 
ol  more  than  1.6  torr  C/s.  This  corresponds  to  a  mass  flow  rate, 


QM 

n,  :=  —  =  .vv.*;  X  10^  g/.  (23) 

I)  ^  o 

where  P^=760  torr,  V,=22.4  C/molc,  and  M=4  g/mole. 
Therefore,  for  some  beneficial  effects  of  the  purging  with  He  at 
100  K,  a  flow  greater  than  32.5  g/day  is  required. 


12.1  Gaseous  purging 

To  protect  the  telescope  mirror  and  baffle  from  incoming  natural 
oxygen  or  other  materials,  one  may  employ  He  gas  vented  by  the 
telescope  at  100  K  as  a  counterflow  to  the  contaminant.  The 
amount  of  He  needed  for  the  purging  to  be  effective  must  now 
be  estimated.  The  traverse  time  of  the  incoming  O  to  reach  the 
mirror  is  L/y,  where  L  is  the  telescope  tube  length  and  V  is  the 
spacecraft  velocity.  To  prevent  the  molecules  from  reaching  the 
mirror,  the  mean  collision  of  the  gases  in  the  tube  should  be 
several  times  less  than  the  traverse  time.  The  mean  free  path 
(mfp)  of  the  purging  gas  should  be 


12.2  Sublimation  of  condensed  oxygen 

During  operation  of  the  telescope,  natural  oxygen  condenses  on 
optical  surfaces  at  TOO  K.  The  temperature  and  time  required 
for  subliming  a  given  accumulation  from  the  surface  must  now  be 
estimated. 

The  rate  of  removal  of  molecules,  0^^ ,  from  a  surface  at  Tj^  is  the 
difference  between  the  rate  of  sublimation,  0^^,  and  the  rate  of 
molecules  impinging  on  the  surface;  i.e.. 


(24) 


Where  v=  =  ( 1 .45  X  1  O'* )  X  J  t/M  (cm/s)  is  the 

average  velocity  of  the  purging  He,  which,  at  100  K  corresponds 
to  a  velocity  of  7.25  X  lO'^cm/s.  Therefore,  for  L=100  cm, 
V=8  km/s,  and  the  He  velocity  as  above,  the  mfp  should  be  less 
than  9  cm.  From  the  kinetic  theory,  the  mfp  of  a  gas  is  given  by 


Equation  24  is  obtained  by  using  the  Langmuir  equation.  The 
oxygen  flux  on  the  mirror  at  an  altitude  of  200  km  was 
previously  calculated  to  be  equal  to  P.=  1.4  XIO"*  torr.  The 
pressure,  P^^(torr),  and  temperature,  T^^  (K),  are  the  saturated 
vapor  pressure  and  temperature  of  the  oxygen.  At  T^^  =40  K., 

is  about  10"^  torr,  which  is  much  greater  than  the  equivalent 
impinging  pressure  of  =1 .4  X  1 0'^  torr.  At  a  40-K  surface, 
the  oxygen  will  not  condense  but  will  leave  at  a  rate 


KT 

X  =  - -  (uii)  (20) 
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3.68  X  10'^  (gein  ’  s' ' ) 
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where  K  is  the  Boltzman  constant,  a  is  the  cross  section  of  the 
molecule,  and  T  and  P  arc  its  temperature  and  pressure, 
respectively.  With  the  appropriate  constant  and  cross  section  of 
the  He,  the  equation  reduces  to  X=4.89  X  10'*  T/P  (cm),  where 
T(k)  and  P(torr).  Equating  the  two  mfp  relationships,  the 
required  pressure  for  the  purging  gas  is 


I.  V  KN 
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(21) 


As  previously  indicated,  oxygen  condctisation  for  1  day  was 
estimated  to  be  6.48  X  10“^  cm/day  =5.76  X  lO'^g/cm’  day  for 
the  unit  sticking  codTicienl.  Therefore,  the  time  required  for 
subliming  a  1-day  accumulation  with  a  surface  at  40  K  will  be 
about  1 56  seconds. 

1 2.3  Waiting  time  after  VCS  and  evaporator  operation 

An  estimate  of  the  time  required  after  the  operating  of  these 
systems  for  their  scattering  fluxes  and  column  densities  to 
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become  acceptable  can  be  obtained  as  follows.  The  column 
density,  N,  can  be  expressed  as 

N  as  — —  (cm'^)  (26) 

4»rvR 


Select  materials  with  low  Outgassing,  as  determined 
from  actual  tests  on  their  rates  of  outgassing  versus 
time,  or,  if  this  is  not  possible,  VCM  material  selection 
tests.  Note  that  the  VCM  test  does  not  provide 
outgassing  rates  or  ensure  that  the  material  will 
be  acceptable  in  actual  use. 


where  N  (s'* )  and  v  (cm  s'* )  are  the  effluent  rate  and  its  velocity, 
and  R(cm)  is  the  reference  radius  of  the  source.  If  the  reference 
radius  is  assumed  to  be  increasing  linearly  as  R=R^+vt,  the 
column  density  at  time,  t,  is  related  to  the  density,  N^, 
corresponding  to  radius  R^  as; 


Extend  the  entrance  of  a  telescope  or  probe  as  far  as 
possible  from  the  bay  where  the  density  is  lower.  This 
is  more  effective  at  low-orbit  altitudes. 

Gimbal-mount  pointing  instruments  so  that  they 
remain  fixed  to  the  object  while  the  Shuttle  is 
changing  attitude.  This  can  prevent  the  instrument 
from  pointing  in  the  velocity  vector  and  reduce  the 
VCS  operations. 


Hence,  an  instrument  that  is  R,,=6  m  away  from  a  source  with  an 
effluent  velocity  of  v=530  m/s  will  see  a  column  density  of 
10“^  N  about  1  minute  after  the  source  effluent  was  terminated. 

o 

Waiting  this  time  before  exposing  an  instrument  or  making 
measurements  should  provide  both  good  observations  and 
protection  from  contamination. 

1 3.  DESIGN  AND  OPERATIONAL 
CONTAMINATION  CONTROL 

From  the  previous  analysis,  it  is  apparent  that  contamination 
hazard  is  greatest  during  the  early  hours  of  flight  and  while  the 
evaporator  and  VCS  are  being  used.  Considerable  amounts  of 
contaminants,  including  ambient  oxygen,  will  collect  on 
cryogenic  surfaces.  The  magnitude  of  the  deposits  can  be 
substantially  reduced  if  certain  design  and  operational 
precautions  are  taken.  Some  of  these  are; 

•  Protect  cryogenic  surfaces  with  dust  covers  and  doors 
to  inhibit  ingestion  of  gases  and  particles  and  to  limit 
the  exposure  to  periods  when  the  environment  is 
acceptable. 

•  Monitor  the  gaseous  environment  with  instruments 
that  simulate  the  temperature  of  the  critical  surface. 
Instruments  suitable  for  this  purpose  may  be  quartz 
crystal  microbalances,  water  vapor  radiometers,  and 
calorimetric  devices.  They  can  measure  the  molecular 
flux  rate  to  determine  the  advisability  of  exposing 
the  critical  surface. 

•  Include  internal  monitoring  (e.g.,  inside  a  telescope)  to 
provide  data  on  total  deposit.  These  data  can  be  used 
for  recalibrating  an  instrument. 

•  Provide  energy  sources  that  can  be  used  to  maintain  a 
surface  at  elevated  temperatures  and  to  sublime 
existing  contaminant  deposits. 

•  Use  cryogases  to  purge  the  system.  This  may  prevent 
some  contaminant  molecules  from  reaching  the 
surface. 

•  Sufficiently  vent  insulation  materials,  lubricated 
motors,  and  other  sources  away  from  critical  surfaces. 

•  Expose  systems  and  materials  to  vacuum,  bake,  and 
purging  before  using  them  in  space,  preferably  a  short 
time  before. 


•  Use  gravity-gradient  altitude  flights  so  that  there  will 
be  fewer  VCS/RCS  firing. 

•  Use  flights  with  lower  bay  temperatures  because 
outgassing  is  strongly  dependent  on  temperature. 

•  Use  flights  with  lower  power  requirements  to  reduce 
the  amount  of  water  generated  by  the  power  cells,  and, 
hence,  the  number  of  flash  evaporator  operations,  or 
use  flights  that  carry  ample  water-storage  capabilities. 

•  When  acceptable,  use  high-altitude  flights  because  the 
ambient  scattering  return  fluxes  are  an  6rder  of 
magnitude  lower  at  400  km  than  at  200  km,  there  is 
less  chance  of  contamination. 

•  Do  not  point  instruments  in  the  velocity  vector 
because  the  return  fluxes  are  maximum  in  the  velocity 
vector.  Also,  avoid  looking  toward  the  Shuttle  cabin. 
Some  water  vapor  will  be  escaping  through  the 
structural  joints  of  the  cabin. 

•  Avoid  measurements  and  critical  surface  exposure 
during  RCS/VCS  and  evaporator  operations  or  other 
intentional  venting.  Wait  2  or  3  minutes  after  these 
operations  before  uncovering  instruments  and  making 
measurements. 

•  Delay  cool-down,  exposure,  and  measurements  for  as 
many  hours  as  possible.  For  example,  exposing  a 
surface  40  hours  after  flight  initiation  can  reduce 
contaminant  deposits  by  about  90  percent. 

•  Use  dedicated  flights  that  include  instruments  and 
payloads  concerned  with  contamination. 

•  Use  previously  flown  Shuttles,  preferably  those  that 
have  been  recently  flown.  They  have  been  exposed  to 
vacuum  and  degassed,  especially  of  highly  volatile 
materials.  Avoid  recently  retiled  orbiters. 

•  Monitor  fluxes  at  the  instrument  entrance  because  the 
flux  rates  at  that  location  are  a  measure  of  the  column 
density  and  of  the  degree  of  contaminant  hazard. 
Variable  temperature  monitors  can  be  used  to  obtain 
information  on  the  nature  of  the  contaminant. 

•  Use  the  results  of  the  induced-environment 
contamination  monitor  (IFC’M).  This  package  of 
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instruments,  designed  for  mapping  and  measurement 
survey  during  several  early  flights,  may  indicate  a  best 
location  for  the  instrument. 

•  Investigate  synergistic  effect  of  other  payloads  on  the 

instrument.  Perform  detailed  analysis  on  the 

environment  at  the  instrument  location.  A  knowledge 
of  the  sources  outgassing,  their  temperatures,  their 
view  factors,  contaminant  transport  mechanisms, 
operational  modes,  etc.  is  necessary. 

•  Be  informed  in  advance  of  flight  plans  or  obtain 
real-time  information  on  RCS/VCS/evaporator  and 
other  venting  operations  so  that  protective  actions  can 
be  taken. 

14.  SUMMARY  OF  THE  RESULTS 

With  reference  to  the  various  plots  and  Table  2,  the  environment 
and  contamination  prediction  for  payloads  in  the  Shuttle  bay  can 
be  summarized  as  follows: 

While  the  bay  doors  arc  closed,  the  pressure  is  of  the  order  of 
10“^  -  10“^  torr  within  1  hour  of  the  beginning  of  the  flight. 
With  the  doors  open,  the  pressure  should  be  about  10*^  torr  in 
the  vicinity  of  the  payloads,  and  the  column  density  should  be 
about  2.5  X  10*^cm  During  the  1  to  2  hour  transition  period, 
surfaces  at  room  temperatures  should  acquire  a  few  monolayers  ' 
of  HjO  retained  by  surface  forces.  For  a  short  period  of  10  to 
15  minutes,  however,  about  10“^  - 10'^ cm  of  low-vapor-pressure 
materials  (VCM)  should  accumulate  on  these  surfaces.  This 
material  will  leave  very  slowly  and,  at  the  end  of  1  week  of  flight, 
should  be  about  10  ®  cm  or  less.  If  the  surfaces  are  cooler  than 
290  K,  this  material  will  continue  to  accumulate  for  a  longer 
period  and  its  release  will  be  correspondingly  much  slower. 

Directly  exposed  surfaces  at  T<135  to  140  K  will  be  covered 
with  a  5  X  10  ^cm  thick  deposit  after  a  1-week  flight  or 
10  percent  more  after  a  1-montli  flight.  For  a  cold  surface  as 
above,  but  having  a  6.2  X  10'^  view  factor  as  for  the  CLIR 
mirror,  the  foregoing  deposits  are  reduced  in  proportion.  With 
the  telescope  deployed  beyond  the  bay  area,  the  scattered  flux 
deposits  a  thickness  of  4  X  10*^  cm  on  the  forward  baffle  and 

2.5  X  10“^ cm  on  the  mirror  for  the  1-wcek  flight.  If  the 
cool-down  or  exposure  is  delayed  by  40  hours,  the  foregoing 
deposits  will  be  about  9  percent  of  the  above.  Column  densities 
on  the  order  of  lO'^cm'^  should  be  established  30  to  40  hours 
into  the  flight. 

While  the  evaporator  and  the  VCS  are  operating,  the  column 
densities  are  10^^  -  10‘5cm-^  The  return  flux  of  the  VCS  at 
200  km  will  deposit  at  a  rate  of  about  5.8  X  10  ®  cm/s  on  a 
surface  at  T<150  K  with  direct  field  of  view  and  at  about 

3.6  X  10“’ cm/s  on  the  telescope  mirror.  The  water  constituent 
of  the  VCS  will  not  accrete  on  a  surface  at  room  temperature. 
However,  its  estimated  0.1  percent  content  of  VCM  will  accrete 
at  a  rate  of  1.6  X  10-\'ni/son  these  surfaces  (I  X  10'*0cni/s  on 
surfaces  with  a  6.2  X  10”^  field  of  view). 

The  lOO-pcrcent  water  constituent  of  the  evaporator  will 
condense  at  T  <140  K  at  a  rate  of  2.38  X  10  »  on  direct  surfaces 
and  at  a  rate  of  1,48  X  10‘^  cm/s  on  surfaces  with  7=6.2  X  10'^. 
With  regard  to  the  ambient  oxygen,  if  the  telescope  is  pointed  in 
the  velocity  vector,  it  will  deposit  on  surfaces  at  T<35  K  at  a  rate 
between  7.5  X  10  ®  and  1  X  lO'^  cm/s,  depending  on  the 
sticking  coefficient. 


Although  directional  fluid  leaks,  improper  direct  venting  of 
compartments,  coolant  leaks,  motor  leaks,  etc.  have  not  been 
considered,  they  would  increase  the  contaminant  hazard. 

In  addition  to  postponing  as  long  as  possible  the  exposure  or  the 
cool-down  of  the  critical  surface,  the  contamination  can  be 
minimized  by:  (1)  exposing  the  surface  to  a  noncontaminating 
gaseous  purging  flow;  (2)  periodically  subliming  the  contaminant 
deposits;  (3)  protecting  the  surface  during  gaseous  emissions 
(VeS/evaporator)  and  (4)  reexposing  the  surface  after  the 
environment  returns  to  normal.  To  minimize  the  ingestion  of 
naturaj  oxygen  and  other  contaminants  in  the  telescope,  vented 
He  gas  at  100  K  can  be  used  as  a  counter  flow  to  the 
contaminants.  For  the  CLIR  telescope  and  for  an  orbit  of 
200  km,  the  He  pressure  in  the  telescope  tube  should  be  greater 
than  5  X  lO’"*  torr.  This  can  be  accomplished  by  providing  an  He 
flow  greater  than  32  g/day. 

The  calculated  daily  accretion  of  oxygen  on  the  telescope  mirror 
at  30  K  (5,7  X  10“^  g/cm^/day)  can  be  removed  by  heating  the 
surface  to  40  K  for  about  3  minutes.  This  assumes  that  the 
surface  and  the  deposited  oxygen  have  not  been  changed  by  a 
chemical  surface  reaction  aided  by  impinging  radiations.  The 
waiting  period  for  resuming  observations  and  surface  exposure 
after  the  operation  of  the  VCS/evaporator  and  other  emissions  is 
estimated  to  be  about  2  minutes. 

15.  CONCLUSIONS 

The  gaseous  environment  in  which  payloads  and  instruments  will 
be  exposed  in  the  bay  of  the  Shuttle  Orbiter  has  been  predicted. 
The  prediction  is  based  on  the  Shuttle  discrete-time  calculated 
molecular  environment,  and  the  measured,  time-varying 
environment  produced  by  a  number  of  spacecraft  in  large 
vacuum  chambers.  The  environment  includes  molecular  density, 
directional  fluxes,  column  density,  and  scattering  fluxes 
contributed  by  material  outgassing  and  emissions  from  the 
vernier  control  system  and  flash  evaporator.  These  parameters 
are  developed  for  different  orbit  altitudes  and  as  a  function  of 
time.  These  predictions  indicate  that,  with  the  exception  of 
periods  when  the  attitude  motors  and  the  evaporator  are  being 
used,  the  environment  of  a  payload  is  dictated  by  the  onboard 
payloads.  It  is  also  concluded  that  this  environment  is  not 
significantly  affected  by  the  number  of  payloads  in  the  bay. 
Rather,  it  is  controlled  by  its  self-induced  environment  or  the 
maximum  source  nearby.  The  predictions  provide  representative 
environments  that  can  be  expected  at  a  payload  and  estimate  the 
times  when  certain  recommended  environmental  criteria  are  met. 
The  data  can  be  used  to  estimate  the  degree  of  contamination 
that  may  result  on  critical  surfaces.  In  fact,  on  the  basis  of  a 
maximum  estimated  environment,  contamination  deposits  have 
been  calculated  for  a  flight  lasting  1  week  or  1  month  arid  for 
cryogenic  and  normal  surface  temperatures.  These  predictions 
include  the  effects  of  the  field  of  view,  the  slicking  coefficient, 
and  the  nature  ol  the  contaminant,  f'or  this  purpose,  a 
generalized  method  of  estimating  the  deposits  has  been 
developed.  It  requires  a  knowledge  of  the  source  magnitude  at  a 
known  time,  its  decay  funetion,  its  chemical  nature,  and  the 
temperature  of  the  surface  heing  contiiininated.  A  specific 
calculation  lor  tiu*  environment  and  the  expected  contaminani 
deposits  on  the  surfaces  of  the  (’LIR  have  been  performed  and 
discussed.  Included  are  an  estimate  of  the  rates  of  natural 
oxygen  on  the  telescope  optical  surfaces  and  the  effect  of 
delaying  the  exposure  or  cool-down  on  the  total  deposits. 

Methods  of  reducing  contamination,  such  as  He  purging  of  tlie 
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telescope,  sublimation  of  accumulated  deposits,  and  time 
required  for  normalization  of  the  environment  after  large  gaseous 
emissions,  have  been  investigated.  These  and  other  methods  that 
can  be  used  in  designing  and  during  flight  operations  have  been 
listed. 

In  conclusion,  in  the  absence  of  more  detailed  calculations  to  be 
performed  later  when  more  is  known  on  the  Shuttle  and  the 
specific  payloads,  this  document  has  attempted  to:  (1)  provide  a 
general  characterization  of  the  molecular  environment  of  the 
payloads  in  the  bay  of  the  Shuttle,  (2)  provide  methods  for 
estimating  the  degree  of  contamination  on  critical  surfaces,  and 
(3)  indicate  methods  for  alleviating  it. 
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ABSTRACT 

The  present  paper  deals  with  the  mission  particu¬ 
larities  of  the  ARIANE  launch  vehicle  with  respect 
to  the  non-contamination  aspect  :  brief  time  during 
which  the  launch  vehicle  components  and  the  payload 
bay  remain  in  the  vicinity  of  each  other,  evolution 
of  the  pressure  level,  The  specifications  and 
the  precautions  considered  at  the  time  of  concep¬ 
tion  of  the  nose  fairings  and  the  equipments  bay 
regarding  the  selection  of  materials,  surface 
treatments,  the  equipments  and  the  wiring  are  pre¬ 
sented.  The  integration  procedures  and  those  of 
cleaning  and  transport  aspects  of  the  equipments 
bay  and  the  nose  fairings  are  touched  upon  in  ad¬ 
dition  to  the  precautions  taken  during  their  inte¬ 
gration  on  the  launch  vehicle.  We  wish  to  add  that 
the  cleanliness  of  the  payload  bay  will  finally 
be  evaluated  during  the  qualification  flights  of 
the  ARIANE  vehicle  by  means  of  transducers  instal¬ 
led  on  the  technological  capsule. 


I .  INTRODUCTION 

The  space  missions,  in  general,  are  quite  complex 
which  call  for  severe  and  sophisticated  measures 
in  order  to  minimise,  as  par  as  possible,  the  risks 
involved  due  to  pollution  or  contamination.  Parti¬ 
cular  accent  is  given,  in  this  paper,  on  this  clean¬ 
liness  aspect  of  the  payload  bay  of  the  ARIANE 
launch  vehicle.  The  payload  bay  of  a  launch  vehicle, 
in  view  of  its  relative  importance,  must  be  parti¬ 
cularly  conceived  so  as  to  avoid  pollution  or  con¬ 
tamination  of  the  payload  bay  during  the  mission  by 
dust  or  volatile  materials.  This  payload  bay,  in 
the  context  of  ARIANE  launch  vehicle  is  restricted 
by  the  nose  fairings  and  the  equipments  bay  with 
its  payload  adapter.  The  following  sections  of  the 
paper  deal  with 

.  the  presentation  of  the  ARIANE  payload  bay, 

.  the  contamination  specifications  at  system  level, 

.  the  particularities  of  the  launcher  mission, 

.  the  precautions  taken  during  conception,  manufac¬ 
turing,  integiation  and  transport, 

.  cleanliness  assurance  at  launch  site, 

,  and  the  measurements  during  flights. 

2.  PRESENTATION  OF  THE  ARIANE  PAYLOAD  BAY 

The  general  layout  of  the  payload  volume  under  the 
nose  fairings  along  with  the  vehicle  equipment  bay 
with  its  payload  adapter  is  shown  in  Fig.  1. 


The  payload  vohiiue  is  restricted  by  : 

.  the  nose  fairings,  with  -  or  whithoiit  -  acoustic 
insulation  Figures  2-3 
.  a  membrane  shield  at  the  top  of  the  3rd  stage 
.  the  vehicule  Equipment  Bay-  Figure  4 
.  the  Payload  adaptor  :  single  or  double  (SYLDA) 

3.  CONTAMINATION  SPECIFICATIONS  AT  SYSTEM  LEVEL 

The  following  are  the  specifications,  considered 
at  system  level,  with  regard  to  the  contamination 
aspect  : 

3.1  The  organic  deposit  on  the  payload  contributed 
by  the  materials  used  in  its  neighbourhood  must 
not  exceed  2  mg/m^  (as  measured  in  accordance  with, 
the  procedure  -  ESA  -  PSS15/QRM  05T) .  This  speci¬ 
fication  ensures  that  the  vapour  release  of  the 
materials  of  VEB  and  nose  fairings,  during  flight, 
will  have  no  injurious  effect. 

3.2  The  use  of  Test  :  ESA-PSS  09/QRM  02T  is  recom¬ 
mended  for  the  materials  acceptance  (see  list  ESA- 
PSS  07/QRM  01) . 

3.3  The  pyrotechnic  systems  and  retrorockets  of 
the  2nd  stage  (liable  to  pollute  the  payload)  must 
comply  with  the  following  requirements  : 

-  Heat  flux  :  2  kW/m2  max.  (with  a  peak  of 

10  kW/m2  authorized  for  a  maximum  period  of  38) 

-  Integrated  particle  flux  :  ^  1  g/m^ 

-  The  retrorockets' must  not  generate  organic  depo¬ 
sits  in  excess  of  2  mg/m2  on  the  payload. 

3.4  The  upper  part  of  ARIANE  vehicle  will  be  inte¬ 
grated  under  clean  tent  in  compliance  with  the 
following  conditions  ; 

-  The  V.E.B.  will  be  cleaned  on  the  launch  vehicle 
under  a  clean  tent  prior  to  the  payload  instal¬ 
lation. 

-  The  nose  fairings  will  be  cleaned  on  the  ground 
under  clean  tent  before  being  installed. 

-  The  payload  container  will  be  opened  under  clean 
tent. 

3.5  The  clean  tent  shall  assure  the  following  at¬ 
mospheric  conditions  : 

-  Temperature  :  25*'C  +  2®C 

-  Relative  humidity  :  ^  50  % 

-  Filiation  :  Class  100  000  (U.S.  Fed. 

Std.  209b) 


Proectulin^fs  of  an  LSA  Symimsiom  on  Sinuva'ojt  Materials,  helil  at  t'.S  iPC.  2-5  (hiofyci  1979  AN  1  .VA-145  {Direinher  1979), 
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3.6  The  payload  and  nose  fairings,  as  mentioned 
above,  will  be  placed  in  position  under  a  clean 
tent.  After  installing  the  nose  fairings  the  volume 
surrounding  the  satellite  will  be  air-conditioned 
via  the  umbilical  connector  of  the  nose  fairings. 

The  payload  compartment  will  be  isolated  from  the 
cryogenic  3rd  stage  by  means  of  a  membrane  shield 
(helium  conditioning  of  the  H8  forward  bay).  The 
ventilation  fluid  will  be  dry  air,  having  the  fol¬ 
lowing  characteristics  : 

-  Filtration  !  adapted  to  the  particular  require 

ments  of  the  mission  (should  at 
least  comply  with  Class  100  000) 

-  Temperature  ;  adjusted,  according  to  requirements, 

within  a  range  of  15®  “  20  C 
(while  being  injected  under  nose 
fairings) 

-  Relative  humidity  :  50  % 

-  Air  Flow  5  3000  kg/h 

4.  PARTICULARITIES  OF  THE  LAUNCHER  MISSION 

The  following  are  the  characteristics  specific  to 
the  ARIANE  launcher  mission. 


4.1  The  short  durations  during  which  the  nose  fai¬ 
rings  and  the  vehicle  equipment  bay  remain  in  the 
vicinity  of  the  payload  (in  course  of  flight)  are 
as  follows  : 


-  Nose  fairings 

-  V  E  B 


:  ^  240  secondes  ) 

j  )(8ee  Fig.  5) 
:  ^  840  secondes  . 


4.2  The  external  and  internal  pressures  with  res¬ 
pect  to  the  fairings  are  high  and  evolutive  and  are 
as  follows  ; 


4.2.1  External  pressure  at  lift-off 

»»  *'  at  150  s 

'*  '*  at  240  s 

(fairings  separation) 


10  Pa) 
10^  Pa| 
lO"^  Pa) 


see 

Fig. 


5 


4.2.2  Internal  pressure  at  150  s  :  around  2.10 
»»  »»  at  240  s  :  around  1  Pa 


Pa 


4.2.3  At  the  instant  of  fairings  separation,  the 
"mean  free  path"  of  molecules  is  0,1  mm 
wich  means  that  the  off-gassing  and  the  out- 
gassing  flow  of  the  materials  is  laminar. 

4.3  Comparition  between  out~gassing  test  and  laun¬ 
cher  mission 

The  out-gassing  test  shall  comply  with  the  proce¬ 
dure  PSS  07/QRM  02  T. 

The  out-gassing  rate  and  the  out -gassing  mass  are 
assumed  to  respect  the  following  expressions  : 


out -gassing  rate 

out -gas sing  mass 
ie. 


W  -  K  e 


Kj  (Arrhenius  law) 

K  (diffusion  phenomenon) 

E/RT 

Jo 


2  K  e 


-E/RT 


1/2 


vniere 

T  -  temperature  of  out- gassing  materials 


t  =  time 


For  an  assumed  value  of  E  =  10  K.  cal/mole,  the 
following  table  presents  the  comparison  of  out-gas 
sing  mass  during  launch  and  that  observed  during 
the  test  PSS07/QRM  02  T.  _ _ 


WLAUNCH= 

N.  T 

t 

30®C 

40®C 

60®C 

90®C 

I25°C 

W  test 

80  s 

0,00055 

0,00095 

0,00251 

0,00591 

0,03 

100  s 

0,00063 

0,00107 

0,00284 

0,00670 

0,034 

700  s 

0,00165 

0,00285 

0,00753 

0,01773 

0,09 

24  H 

0,0185 

0,0316 

0,0836 

0,197 

1 

Let  us  recall  that  the  test  conditions  are  : 
t  «■  24  hours 
T  “  125®C 

Condenser  temperature  «  25®C 
-3 

Vacuum  10  Pa 

4.4  The  following  two  examples  demonstrate  the  sa¬ 
tisfaction  of  the  specification  with  regard  to 
the  payload  contamination  aspect. 

4.4.1  1st  Example  sandwich  Rear  cone  of  the  Fairings 
The  following  are  the  conservative  assumptions  made 
for  the  purpose  : 


1 

W 


1  % 

0,1  % 


10 

lO" 


-2 


view  factor  between  rear  cone 
and  payload  ;  F  « 

■  Material  at  the  limit  of  ac-) 
ceptable  level  after  test  ) 

PSS  09/QRM  02  T  )VCM 

■  Payload  temperature  :  25®C 

*  Lower  cone  inside  temperature  ;  T  »  40  C 
(during  t  «  80  s)  (see  Fig.  5  and  7) 

«-3 


Good  vacuum 


10  Pa 


6  2 

Mass  of  material  considered  :  M  =  10  mg/m 
e  =:  irv— 3  m'l 


with  the  above  assumptions,  the  contamination  on 
the  payload  may  be  estimated  as 


VCM  (payload) “VCM  (test)  x  M  x  F  x  W  Launch 

W  test 

»  lO"^  X  10^  X  1  X  0,00095 

7  2 

*  0,95  mg/m^  <  2  mg/m 


4.4.2  2nd  Example  ;  Painting  of  the  VEB  Equipments 
The  following  conservative  assumptions  are  consi¬ 
dered  ; 


-  View  factor  between  Equipments  and 
Payload  (The  entire  VEB  deck  plate 
is  covered  by  equipments  and  all  the 
equipments  are  considered  painted)  : 

-  Payload  temperature 

-  Equipments  temperature  T 

(during  t  «  700  s)  (see  Fig. 


F  -  0,6 

25®C 

-  60®C 
5  and  7) 


--  Paint  at  the  limit  of  accep-) 
table  level  after  the  test  ) 


PSS09/QRM  02T 

-  Good  vacuum  • 

-  Mass  of  paint  considered 

(i.e  thickness  =  50  y-*  ) 


W 

VCM 


1  % 

0,1  % 


10“^  Pa 


5  X  10^  mg/m^ 
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The  contamination  on  the  payload,  based  on  the 

above  assumptions  may  be  evaluated  as 

vert  (payload)-  VCM  (test)  x  M  x  F  x  W  Launch 

W  test 

=*  10“^  X  5  X  10^  X  0,6  X  0,00753 
-  0,22  mg/ra^  2  mg/ni^ 

5.. PRECAUTIONS  DURING  CONCEPTION, 

MANUFACTURING,  INTEGRATION  AND  TRANSPORT 

5.1.  Precautions  at  system  level 

The  following  precautions  are  taken  into  account  at 

system  level  : 

-  The  third  stage  is  isolated  from  the  payload  bay 
by  means  of  a  membrane  shield  in  order  to  prevent 
the  diffusion  of  the  cool  Helium  gas  into  the 
payload  bay 

-  Care  is  taken  to  see  that  the  organic  materials 
in  the  payload  bay  are  in  low  quantities  (see 
Fig.  6) 

-  The  temperatures  inside  the  fairings  are  maintai¬ 
ned  relatively  low  (see  Fig.  7) 

-  In  view  of  the  pollution  from  the  exhaust  of  the 
retrorockets  the  payload  bay  is  situated  far 
away  from  these  2nd  stage  retrorockets  (  a  I2ra) 
and  the  burning  time  of  the  retrorockets  is  brief 
(1  seconde).  In  addition,  these  retrorockets  are 
oriented  at  angle  of  ^  9®  with  respect  to  the 
launcher  axis  (see  Fig.  8) 

-  Ventilation  of  the  payload  bay  before  launch  is 
achieved  through  air-conditioning  (see  Fig.  9) 
with  the  following  characteristics  : 

.  Temperature  of  air  injected  : 
adjustable  between  !5  -  20®C 

.  Relative  humidity  ;  ^  15  Z 

,  Filtration  :  class  100  000  (U.S  Fed.Std.  209b) 

.  Air  flow  :  3000  kg/hour 

-  It  may  be  noted  that,  at  the  user's  request, 
local  ventilation  could  be  assured  by  adjusting 
the  apertures  in  the  ventilation  tubing. 

5 . 2  Precautions  related  to  nose  fairings 

5.2.1  The  following  are  the  materials  used  for 

different  sections  of  the  fairings  : 

-  Most  of  the  fairing  parts  (nose  cap,  front  cone, 
cylinder)  are  manufactured  in  Aluminium  alloy 
without  surface  treatment 

-  Due  to  the  radio-transparency  requirement,  the 
rear  cone  is  manufactured  in  reinforced  plastic  ' 
material  : 

Kevlar  +  Glass/Epoxy  (Elitrex-Prepreg) . 

The  fabrication  is  realised  after  curing  for  90 
minutes  at  I50°C. 

-  The' bonding  and  sealing  materials  employed  in 
limited  quantities  are  : 

Silastic  lAO  RTV  and  738  RTV 

Sylgard  186 

Araldite  AW  106/HV  953  U 

It  may  be  noted  that  these  materials  intended  to 
assure  the  liaisons  are  employed  in  such  a  way 
that  only  insignificant  portions  arc  directly 


exposed  to  the  payload, 

5.2.2  The  separation  system  is  leak-proof  and 
does  not  cause  any  contamination  (see  Fig.  10). 

5.2.3  The  cleanliness  of  the  nose  fairings  during 
manufacturing,  integration  and  transport  is  assu¬ 
red  in  the  following  manner. 

-  Depending  on  the  material,  cleaning  of  indivi¬ 
dual  parts  is  realised  by  trichloroethane  (Chloro- 
thene  NU) ,  white  Spirit  lOO/lAO  or  freon  TF. 

-  Cleaning  of  various  parts  is  undertaken  during 
stage  assemblies  (especially  areas  which  later 
become  inaccessible) . 

-  Final  overall  cleaning  is  assured  by  means  of 
vacuum  cleaner  and  trichloroethane  (see  Figures 
11  and  12). 

-  Inspection  according  to  the  Technical  Instruc¬ 
tion  ESA-PSS  15/QRM  05  T  is  assured  :  the  total 
quantity  of  contaminants  is  about  10  mg/m^  ; 

We  believe  that  such  small  quantities  do  not 
contaminate  the  payload  due  to  the  fact  that 
the  fairings  remain  in  the  vicinity  of  the  pay- 
load  for  a  very  short  period  and  that  during 
this  period  the  pressure  level  is  greater  than 
1  Pa. 

-  Packaging  is  done  in  hermetically  sealed  cover 

-  Transport  is  undertaken  in  pressurised  (by  azote) 
container. 

5.3  Precautions  related  to  V.E.B. 

5.3.1  Materials  employed 

-  All  the  structural  parts  are  fabricated  in  alu¬ 
minium  alloy  with  chromic  anodisation  or  alodine 
1200. 

-  The  paintings  chosen  for  the  equipments ^ if  neces¬ 
sary^  are  PSG  120,  PSE  109,  ... 

^  ^ ^  Payload  separation  syst em 

The  payload  separation  is  achieved  through  the  use 
of  pyrotechnic  "push-piston"  and  this  separation 
system  is  confirmed  leak-proof  through  tests  reali¬ 
sed  at  CNES/Toulouse  (see  Fig.  13). 

5.3.3  The  cleanliness  of  the  VEB  during  manufac¬ 
turing,  integration  and  transport  is  assured  in 
the  following  ways  : 

-  clean  cloth  and  vacuum  cleaner  are  employed  to 
ensure  cleaning  of  structural  parts  before 
integration 

-  the  equipments  are  cleaned  before  integration 

-  the  integration  is  accomplished  under  tent  with 
the  help  of  gloves 

-  final  overall  cleaning  is  ensured 

-  packaging  is  done  in  plastic  cover 

-  transport  is  assured  in  leak-proof  container 
pressurized  by  azote. 

5 . 4  Acous  t  i  c  1  n STi  1  a  t  i  on 

The  following  precautions  arc  observed  in  relation 
to  the  acoustic  insulation  during  conception  and 
transport  : 
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5.4.1  Materials  employed 

-  Glass  fibers  :  "MICROLITE  AA'*  )  , 

X  (see 

-  covering  film  :  "TERAL  18"  ^  (Fig*  1^) 

5.4.2  The  acoustic  insulation  has  been  tested  at 
SOPEMEA/Toulouse  : 


under  vacuum  conditions  :  no  contamination  after 
400  s 

after  testing  for  random  vibration  (0,07  g  V  Uz) 
under  clean  tent  the  air  is  always  observed  to 
be  of  class  100  000. 


5.4.3  -  cleaning  before  packaging  is  assured  by 
vacuum  cleaner  and  methanol 

-  Transport  is  done  in  sealed  bags. 

5.5  SYLDA  (Double  launch  system) 

The  general  view  of  SYLDA  is  shown  on  Fig.  15. 

Materials  used 

-  The  structure  is  realised  in  honeycomb  (face 
sheets  in  carbon  fibers/Epoxy  and  core  in  alu¬ 
minium)  .  The  carbon  fibers  prepeg  corresponds  to 
CARBOFORM  HMS  87  (FOTHIZR  GILL). 

-'Rings  :  in  aluminium  alloy 
“Reinforcements  :  G  814  HTS  87  (BROCHIER) 

-  Internal  bonding  :  REDUX  206  -  408  and  312L  +112 

(see  figure  16) 


6.  CLEANLINESS  ASSURANCE  IN  GUYANA 

•This  chapter  deals  with  the  assurance  of  cleanliness 
of . the  ARIANE  Payload  bay  during  launch  preparation. 

The  upper  floor  of  the  preparation  tower^ called 
platform  8^ can  be  transformed  into  a  clean  area  by 
covering  plastic  curtains  ;  this  being  normally 
foreseen  at  J  -  14  days. 

Having  done  this,  the  following  conditions  prevail 
Temperature  ;  25  +  2®C 

Humidity  ;  50  +  10  % 

Cleanliness  Standard  :  100.000 

However  as  the  VEB  has  been  integrated  at  J  -  37 
days  already,  at  the  moment  of  creating  clean 
conditions  on  platform  8  and  latest  before  arrival 
of  the  satellite  it  may  be  necessary  to  clean  the 
adapter  and  equipment  surfaces. 

The  fairings  shall  arrive  cledn  from  Europe.  At 
present  an  envelope  that  hermetically  seals  both 
half-fair ings  after  cleaning  in  Europe  is  under  study. 

However  should  any  incident  occur  necessitating 
a  complete  recleaning  this  can  be  done. 

Its  typical  handling  flow  shall  be  : 

From  the  assembly  hall  they  will  be  conducted  to  the 
S3  -  Satellite  Assembly  building-in  its  container 
There  they  will  be  taken  but  and  brought  into  the 
S3  -  Cleanroom. 

To  protect  these  partially  out  door-operations  a 
shelte:t  will  be  installed  in  front  of  the  S3- 
entrdnce . 

In  S3  can  be  achieved  any  control  and  cleaning 
that  should  be  considered  necessary. 

After  having  removed  the  fairing  containers  from 
the  shelter  a  can  will  be  installed  in  front  of 


the  entrance  S3  and  sealed  to  the  building 
(see  figure  17). 

That  can  assures  the  following  functions  : 

-  give  a  volume  to  house  the  complete  fairing  and 
associated  equipment  under  clean  conditions 
Dimensions  :5mx4mx9,70m 

-  be  clean  according  to  standards  and  keep  clean 

-  to  store  and  to  transport  fairings 

-  allow  sealed  connection  to  S3  building 

-  receive  conditioned  air  from  S3 

-  allow  lifting  to  platform  8 

-  allow  sealed  and  rigid  connection  to  the  tower 

-  enlarge  clean  working  space  on  platform  8  at 
fairing  arrival  until  tower  retreat. 

Fairings  having  been  inspected  and/or  cleaned  they 
will  be  installed  into  the  can  and  stay  there  until 
they  are  needed  for  integration.  This  in  general 
will  be  necessary  as  fairings  should  leave  S3- 
building  at  Payload  arrival  but  enter  platform  8 
after  payload  integration  to  the  launch  vehicle. 

For  the  period  of  storage  the  can  will  stay  under 
shelter  next  to  the  S3  -  entrance.  It  will  be 
pressurized  by  clean  air  delivered  from  the  S3  con¬ 
ditioning  system. 

When  time  comes  to  integrate  fairings  they  will 
be  transported  in  the  can  to  the  tower,  and  lifted 
up  to  the  level  of  platform  8.  There  it  will  be 
sealed  and  fixed  to  the  tower  structure.  Via  the 
air-lock  of  platform  8  clean  conditions  remain 
after  opening  the  can.  Fairings  then  will  be  ins¬ 
talled.  (See  figures  18  and  19)  ' 

We  believe  that  the  handling  flow  described  and 
the  means  developed  assure  the  cleanliness  condi¬ 
tions  required. 

7.  MEASUREMENTS  DURING  FLIGHTS 

For  all  the  four  qualification  flights  of  ARIANE 
launcher,  it  has  been  decided  to  put  a  quartz-crys- 
tal-microbalancG  (QCM)  on  the  common  CAT  module 
(see  Fig.  20)  of  the  payload  in  order  to  evaluate 
the  eventuality  of  payload  contamination. 

The  following  are  the  details  concerning  the 
measurements  : 

”  Quartz  microbalance  for  all  the  4  experimental 
flights  (CELESCO  -  IBC  -  QCM  710  A) 
sensibility  -  4,4  x  10“2  mg/m^  -  Hz 

-  solar  sensors  for  LOl  and  L02  (RTC) . 

For  further  details  the  reader  may  refer  to 
"SPACE  CONTAMINATION  ASSESSMENT  STUDY  -  FIRST 
APPLICATIONS  TO  PRESENT  PROJECTS"  by  B.  TATRY,CNES. 

8.  CONCLUSIONS 

In  conclusion  we  believe  to  have  done  the  necessary 
from  the  points  of  view  of  conception  as  well  as 
precautions  taken  during  fabrication,  integration 
in  Europe,  transport  and  final  integration  in  Guyana 
in  order  to  ensure  the  available  payload  volume 
clean  and  pollution-free.  The  demonstration  of  this 
cleanliness  will  be  made  in  the  coming  months  du¬ 
ring  the  qualification  flights  of  the  ARIANE  laun¬ 
cher  . 

In  case  of  need,  specific  to  certain  satellites,  we 
are  prepared  to  examine  the  . additional  optional  pre¬ 
cautions  or  remedial  measures  so  as  to  further  im¬ 
prove  the  cleanliness  of  the  satellite. 
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Figure  t.  Payload  volume 


Figures  2-3.  Nose  fairing-external  and  internal  views 
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Figure 


7,  Temperatures  in  the  payload  volume. 


Figure  8,  Location  of  P.nd  stage  retrorockets 
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Figure  9.  Ventilation  of  the  payload  before  launch 
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Figure  20*  Measurement  in  flight. 
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ABSTRACT 

Tlie  self  induced  atmosphere  surrounding  a  space  ve¬ 
hicle  can  limit  or  degrade  the  quality  and  resolu¬ 
tion  of  optical  observations  or  the  surface  proper¬ 
ties..  A  contamination  program  has  been  developed 
to  predict  the  induced  environment  and  the  deposits 
on  a  spacecraft.  Major  contaminant  sources  are  mo¬ 
deled  and  transport  functions  are  calculated.  The 
preliminary  version  of  the  CONTAM  program  is  appli- 
cadjle  only  for  altitudes  greater  than  400  km.  It  is 
utilized  for  contamination  assessment  studies  on 
the  request  of  SIRIO  2  and  SPOT  projects.  Also  in¬ 
cluded  is  a  presentation  of  the  contamination  expe¬ 
riment  during  the  launch  of  ARIANE. 

Keywords  :  Spacecraitf  contamination,  Contaminants, 
Outgassing. 

1.  INTRODUCTION 

As  space  projects  develop  in  complexity  and  sophis¬ 
tication,  the  problems  of  interference  from  the 
self- induced  local  environment  and  the  coating  of 
optical  or  other  surfaces  becomes  more  severe.  The¬ 
refore,  extreme  care  must  be  taken  to  prevent  the 
production  of  particulates,  but  as  these  particula¬ 
tes  cannot  be  completely  suppressed,  it  is  essen¬ 
tial  to  predict  their  behaviour,  A  model  has  been 
developed  which  predicts  the  deposits  and  the  co¬ 
lumn  density  of  the  spacecraft  due  to  its  own  out- 
gassing  or  engines  contaminants. 

This  model  can  be  applied  to  external  or  internal 
surfaces  (cavities).  Similar  models  have  been  pre¬ 
viously  developed  (Refs  1,  2). 

2 .  CONTAMINANT  SOURCES 

All  the  sources  which  eject  particules  or  molecules 
are  potential  sources  of  contaminant.  They  are  : 

a)  non-metallic  materials  outgassing  (the  long  term 
mass  loss  of  the  material  upon  exposure  to  space 
vacuum) 

b)  early  desorption  from  external  surfaces  (the  ini¬ 
tial  high  mass  lo.ss  of  adsorbed  and  absorbed  volati- 
les,  gases  and  liquids) 

c)  thrusters  exhaust  plume  (or  vents) 

d)  cabin  atmosphere  leakage 

e)  other  leakages  (tanks,  valves,  ...)  or  anomalous 
sources. 


h'oceeilimjsofitn  ESA  Symposium  on  Spacecraft  Materials,  held  at  ES 


These  sources  are  treated  as  mathematical  expres¬ 
sions  which  physically  approximate  the  contaminant 
emission  processes  involved. 

Any  expression  can  be  taken  into  account,  with  the 
two  parameters  ;  temperature  T  and  time  t. 

2.1  -  Outgassing 

Non-metallic  materials  outgassing  is  modeled  as  a 
Lambertian  source.  The  emission  rate  is  a  function 
of  surface  temperature  of  the  material  and  time  of 
exposure  to  the  vacuum.  Outgassing  species  are  lar¬ 
ge  molecular  weight  (M  cf.  loo  g)  (Fig.  1)  . 

2.2  -  Early  desorption 

The  early  desorption  rate  decays  more  rapidly 
(ti  100  h)  than  the  outgassing.  Primary  constituants 
(H20,  N2,  C02,  02,  ...)  are  light  (M  ^20  to  30  g)  . 
It  is  also  a  function  of  surface  temperature  of  the 
material  and  time  of  exposure  to  the  vacuum. 

2.3  -  Thrusters  plumes 

The  attitude  and  orbit  control  engines  are  conside¬ 
red  as  point  sources.  These  point  sources  are  ex¬ 
pressed  as  an  analytical  function  describing  the 
mass  flow  as  a  function  of  distance  and  angle  off 
the  central  axis  of  the  source  (Fig.  2) .  Attitude 
control  systems  or  vents  are  more  easily  characte- 
rizable  because  their  mass  flow  is  usually  well 
known . 

The  Table  1  presents  the  major  sources  of  contami¬ 
nants  and  their  characteristics. 

3.  CONTAMINANTS  TRANSPORT  FUNCTIONS 

Several  flux  can  intercept  a  surface  T  (see  Fig.  3)  . 
The  irradiance  can  come  by  several  pathos. 

The  total  flux  issued  from  the  surfacjo  1  ,1s  def.lnrd 
as  Ihe  nniii  of  . 

-  the  own  outtpirjs  I  nq 

-  tile  reflectjon  (the  part  tliat  dfjor;  nrjt.  Hf  ick)  ol 
all  the  irradlent  flux  Impinging  on  the  surface. 

Included  in  the  following  subsections  are  the  ana-' 
lytical  approaches  currently  employed  to  describe 
the  transport  of  emitted  contaminant  molecules  to 
locations  of  interest. 


EC.  2-5  October  1979  ESA  SE-\45  {December  1979). 
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Figure  1.  Early  desorption  and  outgas sing  of  paints 
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1  -  Direct  flux 

2  -  Direct  ambient  flux 

3  -  Direct  flux  scattered  by  ambient  flux 

4  -  Own  flux  reflected  by  ambient  flux 

5  -  Own  flux  reflected  by  direct  flux 

6  -  Own  flux  auto-reflected 

7  -  Direct  flux  scattered  by  other  direct  flux 


Figure  2.  Engine  plume 


Figure  3.  Different  flux  in^inglng  on  a  surface 
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Table  1 .  Contaminant  Sources 


Surface  I  to  surface  J  direct  transport 


When  the  mean  free  path  of  the  molecule  emitted  by 
I  is  larger  than  the  distance  between  I  and  J,  the 
trajectory  of  the  molecule  is  a  straight  line.  Sur¬ 
face  sources  such  as  outgassing,  early  desorption, 
coii?)artment  leakage  are  characteristically  Lamber¬ 
tian  (this  assumption  has  been  verified  by  experi¬ 
mental  data  obtained  through  numerous  ground  tests) 


The  relative  velocity  of  the  ambient  flux  with  the 
surface  I  of  the  satellite  is  equal  to  the  orbital 
velocity  of  the  satellite  : 


r©  ;  earth  radius  =  6371  km 
r  :  orbit  radius 


The  line  of  sight  transport  for  these  sources  can  be 
considered  analogous  to  black  body  thermal  radiation 
The  geometric  viewfactor  is  calculated  to  establish 
the  percentage  of  mass  emitted  by  a  source  J  that  is 
capable  of  impinging  upon  another  surface  I . 

For  these  applications,  the  viewfactor  is  called  the 
interception  factor  P  (J, I)  where  : 


The  ambient  flux  impinging  on  a  surface  I  is  : 

)  E=  .  cos  B  g.cm^^.s-l 

ambient  flux  (g.cm“2.s-l) 

0  <  0  ^  angle  between  the  velocity  vec- 

^  2  tor  and  the  surface  normal. 


F  (J,I)  « 


number  of  molecules  in 


total  number  of  molecules  emitted  by  J 


With  these  considerations,  one  can  calculate  the 
flux  inpinging  on  a  surface  I,  coming  from  all  other 
surfaces  J  : 


^(i)  ^  Z-  X.  -4^  (g.cm-2.s-l) 

^  j  A  i  9  1 

2;-  total  flux  issued  from  the  surface  J  ^.cm'-^.s”!) 
J 

Aj,Ax  areas  of  J  and  I  (cm^) 


Hi  is  is  the  essential  relation  of  the  contamination 
modeling  methodology. 


Ambient  flux  impinging  on  a  surface  I 


The  characteristics  of  the  ambient  atmosphere  are 
given  in  several  tables  ;  ambient  density,  kinetic 
tenperature,  pressure,  for  each  fondeunental  consti- 
tuant . 


In  fact,  when  the  surface  is  parallel  to  the  velo¬ 
city  vector,  the  ambient  flux  is  not  equal  to  zero 
(due  to  the  ambient  gas  internal  temperature) ,  but 
in  several  cases  the  above  assumption  is  valid. 


Direct  flux  scattered  by  ambiant  flux 


When  the  mean  free  path  of  the  emitted  molecule  is 
of  the  same  order  than  the  distcince  I,J,  the  mole¬ 
cule  considered  has  a  probability  of  collision  with 
a  molecule  of  another  flux.  The  result  of  this  col¬ 
lision  is  a  probability  for  the  emitted  molecule  to 
impinge  the  surface  J  (Fig.  4) , 


There  are  several  approaches  for  modeling  the  scat¬ 
tering  of  two  flux.  We  have  choosen  among  the  seve¬ 
ral  models  built  by  analysts.  The  HARVEY ‘e  model 
(Ref.  3)  seems  appropriate  for  our  application  be¬ 
cause  it  takes  into  account  the  mean  free  path  of 
the  molecules,  and  then  it  is  possible  to  consider 
the  different  species  of  molecules  which  compose 
the  outgassing  or  other  fluxes. 
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to  other  mechanisins  already  cited. 

3.5  “  Second  sxirface  transport 

Impingement  on  a  surface  by  a  contaminant  flux  re¬ 
sults  generally  in  deposition  and  reemission  of  the 
part  that  do  not  adhere.  In  addition,  some  of  the 
deposited  material  can  desorb  with  time  under  the 
influence  of  temperature  variations  of  the  surface. 

3,5.1  Early  desorption.  The  impinging  flux  on  sur¬ 
face  I  T^(j,i)  issued  from  J  surface  is  adsorbed  ; 

-  the  adsorbed  mass  during  time  At  is  t 

'Tfi.f)  .  ■  -at 

S/f  sticking  coefficient  *  1  if  Ti  <  Tj 
^  ^  -  O  if  Ti  >  Tj 


Figure  4.  Interaction  between  two  flux 

The  scattered  flux  is  difficult  to  evaluate  because 
of  the  multitude  of  pathes  each  molecule  can  take, 
the  details  of  the  collision  processes,  and  geome¬ 
try  factors  such  as  shadowing. 

AS  a  first  approximation,  the  HARVEY* s  model  assumes 
that  the  molecules  scattered  to  a  surface  undergo 
only  one  collision  with  an  intervening  molecule  af¬ 
ter  being  desorbed  from  an  adjacent  surface. 

The  collision  processes  are  approximated  by  isotro¬ 
pic  scattering  in  a  reference  frame  attached  to  the 
emitting  surface  (laboratory  frame). 


-  the  desorbed  mass  can  be  expressed,  for  example, 

by  : 

5,83  .  10-2  .  y".  Pv  .  \|^  .  At  (g/cm2) 

y  desorption  coefficient 
M  molecular  mass 
Pv  saturated  vapor  pressure 

The  deposited  mass  is  the  difference  between  the 
two.  The  emission  distribution  of  the  desorbed  com¬ 
ponent  is  diffuse.  The  emission  velocities  are  as¬ 
sumed  to  be  the  most  probable  velocity  : 

2  k  T 
m 


Consider  an  area  Aj  emitting  molecules  into  d«o.  The 
total  emitted  molecular  flux  leaving  Aj  is  : 

gC  _  f  Hj  .  cos  doj 

JttXiir  1-1 

Hj  ==  total  intensity  of  apparent  flux  (mol.s”l.sr  ) 

The  number  of  molecules  scattered  in  distance  drj  is  ; 

M  =.  /ij  Hj.  cos  Bj  .  Iw  .  e  ■  ) 


With  T  temperature  of  the  emitting  surface 
m  mass  of  molecules  impinging 
k  BOLTZMANN  constant 


3.5.2  Outgassing.  The  sticking  coefficient  is  a 
function  of  the  temperature  Ti  and  Tj.  The  Skylab 
derived  relationship  used  in  previous  analysis  is 
adopted  : 


Tj  -  Ti 
'  K 


{=  0  if  Tj  >  Tj) 


by  definition  of  the  mean  free  path. 


with  K  ==  200  for  painting 


The  part  of  the  scattered  molecules  which  enter  to' 
and  impinge  on  I  is  :  ^ 

and  the  molecular  irradiance  on^area  Aj  is  : 

At  .  Hi  cos  B.ioj.  (i~  Aix.-HL-  M  j’’  ■:"*■) 

IT  A 


e.  dw  .  eT  .  -J5L- 
h 


or 


^  Ji_  .  -Hi 

vr 

The  total  irradiance  becomes  : 


_  cos  e, .  e  ^ . 

Ai  -  ' 


\  *• 
A  n 


cr  _ i!i 

"  ^ 


c  os  6^  t 


where  the  volume  V  is  defined  by  the  emitting  beam 
0  <  0j  C  '>^/2  and  the  condition  O'!  4  ^/2 . 


3.4  -  Other  scatterings  between  flux 

The  interactions  between  the  different  flux  (Fig.  3) 
can  always  be  treated  by  the  HARVEY 's  model  or  by 
another  models  (Refs,  4,  5).  In  most  instances,  the¬ 
se  processes  are  secondary  in  nature  when  compared 


Other  laws  can  be  utilized. 

3.5.3  Reflection.  In  most  instances,  the  effluents 
from  the  control  system  engines  will  not  deposit  on 
surfaces  because  of  their  temperature  and  the  rela¬ 
tively  high  vapor  pressure  of  the  effluents.  For 
this  case,  the  reflection  rate  is  equal  to  the  im¬ 
pingement  rate  on  the  surface,  and  molecules  exhi¬ 
bit  diffuse  scattering. 

Specular  scattering  is  hard  to  obtain  and  requires 
several  conditions  (unique  gas,  atomically  smooth 
surface,  no  contamination,  ultra  high  vacuum) . 

3.6  -  Charged  particles  and  small  particles 

They  must  bo  treated  as  particular  cases  (Ref.  6)  , 

4.  MODELING 

The  first  step  of  our  modeling  approach  and  philo¬ 
sophy  was  to  develop  a  model  not  too  complicated, 
taking  into  consideration  only  the  processes  consis¬ 
tent  with  our  present  knowledge. 
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Only  surface  to  surface  direct  transport  is  conside-^ 
red,  that  is  to  say  only  missions  above  a  certain 
altitude  (vdiere  mean  free  path  is  high)  are  looked 
at  (above  300-400  km) . 

Indeed,  the  phases  of  groxmd  handling,  launch  envi¬ 
ronment  are  not  examined. 

The  contamination  can  deposit  on  surface  or  inter¬ 
cept  the  field  Of  view  of  a  sensor  or  experiment. 

The  aim  of  the  modeling  is  to  evaluate  the  deposits, 
usua).ly  expressed  in  terms  of  mass  per  unit  area 
(g/cffi2)  or  thickness,  and  the  so  called  column  den¬ 
sity  (in  g/cm2  or  raolecules/cm2) . 

The  surface  to  surface  direct  transport  relation  is 
utilized.  The  flux  is  integrated  step  by  step. 

The  flow  diagram  of  the  computer  model  CONTAM  is 
shown  in  figure  5. 


I - 


Figure  5.  Flow  diagram  of  CONTAM  model 


-  The  interception  factors  are  calculated  by  the 
program  CALMAR.  The  figure  6  shows  two  cases  of  cal¬ 
culation  with  diffuse  and  non  diffuse  emission. 


5 

os  9  /r2 


13 


=  0.061 


O 

1 


=  0.024 


Figure  6.  Example  of  interception  factors 
calculated  by  CALMAR 


Each  open  cavity  (Fig.  7)  is  modeled  separately. 

The  holes  are  considered  as  particular  nodes  with 
sticking  coefficient  =  1  and  without  own  outgassing. 
This  nodes  are  considered  as  sources  for  the  comple¬ 
te  model  (external) .  For  the  moment,  cavities  can  be 
modelised  only  if  the  mean  free  path  is  larger  than 
th$  bigger  dimension  of  the  cavity. 


-  The  temperatures  are  calculated  by  the  program 
PROTERM. 

-  Others  input  are  :  areas  of  the  nodes,  outgassing 
rates,  ... 

-  The  choice  of  the  nodes  will  depend  upon  the  ther¬ 
mal  model  configuration.  A  contamination  node  will 
be  defined  by  an  homogeneous  coating  with  homogene¬ 
ous  temperature,  or  by  the  exit  of  the  nozzle  of  an 
engine , 


-  Deposits  ar(^  calculated  by  the  above  relation 
us  ing  the  s 1 1. ( :k  j  ng  cof>  f  f  1  cion  t. 

-  Column  dens i ties  are  derived  in  the  following  ma¬ 
nor  :  consider  a  line  of  sight  (direction  of  poin¬ 
ting  of  a  telescope  for  example) .  Each  section  of  a 
column  around  this  line  of  sight  (Fig.  8)  is  cros¬ 
sed  by  particules  issued  from  adjacent  areas  J. 
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LINE  OF  SIGHT 


Figure  8,  Line  of  sight 


For  a  section  S,  the  flux  issued  from  J  sources  and 
crossing  S  is  : 

^  g.om-2.s-l 

2md  the  density  : 


DENS  (S)  =  21  '^r  ■  His)  g.cm“3 

3  Vi 

By  calculating  this  density  at  many  sections  along 
the  line  of  sight,  the  mass  column  can  be  determined 
by  Integration  ; 

f 

MC  DEN(S)  dx 

js=:l  ■ 


X  distance  along  the  line  of  sight 
Vj  velocity  of  the  source  J  molecules 


.  A.O.C.S.  engines  (by  autoretrodif fusion) 

.  outgassing  and  vents  located  near  the  reflector. 
Present  work  consists  in  modeling  the  different 
contaminant  sources.  Included  is  the  evaluation  of 
the  column  density  along  the  normal  to  the  reflec- 


^  «  line  of  sight 
«  -  OF  THE 

REFLECTOR 


Figure  9.  Graphic  display  of  SIRIO  2  model 

-  Project  SPOT  (C.N.E.S.)  is  an  earth  observation 
satellite  on  a  800  km  Circular  orbit,  A  contamiria- 
ti on  study  has  been  done  to  calculate  the  deposits 
on  the  external  surfaces  and  to  evaluate  the  column 
density  along  the  line  of  sight  of  the  instruments. 
But  due  to  the  lack  of  experimental  data,  this  stu¬ 
dy  was  made  mainly  to  shown  the  possibilities  of 
the  model. 

More  important  is  the  evaluation  of  the  deposits 
and  the  molecular  cloud  inside  the  High  Resolution 
Visible  (H.R.V.)  instrument,  due  to  its  complicated 
geometry,,,  the  number  of  outgassing  products  and  the 
critical  optical  surfaces  present  (work  in  progress) 


Knowledge  of  the  molecular  constituants  of  the  flux 
allows  conversion  of  the  mass  column  density  into 
molecular  number  col\^  density  : 

MC 

NC  *  - 

ro 


Contamination  problems  on  ARIANE  -  Flight  experiment 


To  evaluate  the  eventuality  of  contamination  of  the 
payload  during  the  launch  of  ARIANE,  it  was  decided 
to  put  a  quartz-crystal-mlcrobalance  (Q.C.M.)  on  the 
payload,  at  the  surface  of  the  CAT  module. 


Deposits  and  column  densities  are  expressed  accor¬ 
ding  to  the  time  with  a  step  Of  calculation  At  cii 
10  mn  . 

5,.  APPLICATIONS 

i^is  model  is  applicable,  at  the  present  time,  only 
for  altitude  above  300-400  km  (where  mean  free  path 
is  high) . 

Hiis  is  the  case  for  the  twO  projects  where  the 
CONTAM  model  is  utilized  : 

^  Project  SIRIO  2  (E.S.A.)  is  a  geostationnary  satel¬ 
lite.  The  LASSO  experiment  (Fig.  9)  includes  a  laser 
reflector  which  temperature  is  low  and  there  is  a 
probability  of  deposit  contaminants  issued  from  : 

•  the  A.B.M,  (by  autoretrodif fusion) 


This  experiment  was  designed  essentially  to  study 
the  contamination  during  the  fireing  of  the  retro- 
thrusters  of  the  second  stage  of  the  rocket,  and 
during  the  end  of  the  launch. 

There  are  two  phases  in  the  experiment  : 

a)  before  the  ejection  of  the  fairing 

In  this  phase,  the  condensible  flux  come  from 
the  inner  part  of  the  fairing.  The  pressure  varies 
from  atmospheric  pressure  to  approximatively  10“2 
Torr  at  the  ejection. 

There  are  several  sources  of  contaminants  and  seve¬ 
ral  transfer  mechanisms,  due  to  the  variation  of  the 
mean  free  path  relative  to  the  pressure. 

b)  after  the  ejection  of  the  fairing 

During  this  phase,  the  sources  of  contaminants 
are  the  retrothrusters  of  the  second  stage  and  the 
early  desorption  of  the  payload  and  the  top  of  the 
third  stage . 
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This  phase  stops  at  the  end  of  the  telemetry  (20  mn 
after  launch) . 

Description  of  the  Q,C>M. 

The  Q.C.M.  is  a  model  700A  (MK9)  of  CELESCO.  It  is 
used  to  measure  small  mass  changes  resulting  from 
condensible  efflux  depositing  upon  a  piezoelectric 
crystal.  The  condensing  mass  results  in  a  predicta¬ 
ble  crystal  vibrational  frequency  charge.  To  relate 
crystal  frequency  changes  to  mass  changes,  other 
potential  frequency  effective  phenomena  must  be  con¬ 
sidered.  They  are  ; 

-  temperature 

-  pressure 

-  solar  radiation 

-  vibrations. 


Figure  10  shows  the  influence  of  the  first  three  pa¬ 
rameters. 


Figure  10.  Q.C.M,  Flight  Model  -  Influence  of  : 

a)  Temperature 

b)  Pressure 

c)  Solar  Irradiance  (S.I.) 


The  influence  of  vibrations  is  not  perceptible. 

The  frequency  shift  to  deposited  mass  relationship 
is  2,26  Hz/A  (for  unit  density). 

The  cleanliness  criteria  has  been  fixed  to  2,10”^ 
g.cm“2,  which  corresponds  to  a  shift  of  45  Hz. 

Unfortunately,  the  verification  of  the  model  will 
be  complicated  because  there  is  only  one  Q.C.M. 

But  it  is  planned  to  use  the  results  of  the  3  plan¬ 
ned  flights  and  we  hope  a  qualitative  verification 
will  be  at  least  possible. 

6.  CONCLUSION 

This  paper  is  a  first  step  towards  a  more  sophisti¬ 
cated  version  which  will  take  into  account  all  the 
possibilities  of  scattering  between  all  fluxes  which 
are  present  inside  or  around  a  spacecraft. 

But  even  in  this  preliminary  approach,  the  credibi¬ 
lity  of  this  model  is  dependant  upon  the  quality  of 
the  input  data. 

It  is  very  important  to  note  that  it  is,  necessary 
to  have  an  important  experimental  support  to  vali¬ 
date  the  model. 

Ground  experiments  and  flight  experiments  are  high¬ 
ly  desirable* 

The  modeling  activity  will  represent  probably  a  ne¬ 
cessary  method  to  assess  the  space  contamination 
when  future  heavy  european  spacecraft  at  low  alti¬ 
tude  will  be  designed. 
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EVALUATION  OF  KINETIC  OUTGASSING  UNDER  VACUUM  FOR  POTTING  COMPOUNDS 

AND  PAINTS 

J  Guiliin 

Centre  National  d' Etudes  Spatiales,  Toulouse,  France 


ABSTRACT 

The  contamination  evaluation  computer  model  in  spa¬ 
ce  requires  data  on  long  term  kinetic  outgassing  of 
materials  \inder  vacuum. 

The  weight  loss  under  vacuum  for  potting  compounds 
and  thermal  coating  furnished  by  manufacturer  or 
purified  by  ourselves  has  been  measured  by  "micro- 
VCM”  tests  carried  out  at  different  temperatures 
and  for  periods  as  long  as  2000  h.  From  these  tests, 
equations  of  outgassing  rates  depending  on  time  and 
temperature  are  proposed.  It  is  pointed  out  that 
Arrhenius  equation  is  applicable  for  any  temperatu¬ 
re  within  the  range  studied  and  therefore  it  is  pos¬ 
sible  to  obtain  "activation  energies"  for  the  total 
outgassing  of  these  materials.  The  effects  of  the 
purifying  process  and  of  the  polymerisation  parame¬ 
ters  (time,  temperature)  on  outgassing  energy  and 
time  dependance  are  studied. 

Keywords  :  outgassing,  potting  compound,  silicone, 
vacuum  effect. 


1.  INTRODUCTION 

The  contamination  evaluation  computer  model  in  space 
requires,  in  particular,  the  understanding  of  kine¬ 
tic  outgassing  of  materials  during  a  long  period. 

The  " in-si tu"  continuous  weight  loss  measurements 
with  microbalance  seem  to  be  the  most  ajusted  method 
but  it  is  long  and  expensive.  So,  it  was  interesting 
to  examine  the  possibility  to  obtain  data  with  expe¬ 
rimental  weight  loss  measurements  when  the  samples 
are  weighted  after  a  variable  vacuum  period  at  cons¬ 
tant  temperature  (ref.  1) . 


2.  EXPERIMENTS 

To  avoid  the  influency  of  water  vapor  readsorption 
we  used  commercial  silicone  resins  or  purified  by 
ourselves  like  it  is  mentionned  in  another  paper  of 
this  Symposium. 

The  resins  are  following  : 

A  -  SYLGARD  184  of  Dow  Corning,  polymerised  at  room 
temperature 

B  -  SYLGARD  184  purified  at  CNES,  polymerised  at 
room  temperature 


C  -  SYLGARD  184  purified,  polymerised  at  room  tem¬ 
perature  then  24  hours  at  100°  C 

D  -  SYLCjARD  182  of  Dow  Corning,  polymerised  during 
24  hours  at  80°  C 

E  -  SYLGARD  182  purified  at  CNES,  polymerised  du-- 
ring  24  hours  at  80°  C 

F  -  SYLGARD  182  purified,  polymerised  during  24  h 
at  lOO°  C 

Samples  were  cut  out  molded  plates,  their  thickness 
was  between  two  and  four  millimeters  and  their  weight 
between  200  and  lOOO  mg. 

Vacuum  tests  were  conducted  with  an  ionic  pump 
(pumping  speed  :  200  1/s  -  pressure  ^  10-6  torr) 
or  sometimes  with  a  micro- VCM  equipment  (ref.  2) 
including  an  oil  vapor  diffusion  pump. 


3.  OUTGASSING  KINETICS 

Many  papers  show  that  the  experimental  outgassing 
rates  decrease,  depending  on  time,  for  non-metallic 
materials  and  during  the  first  one  hundred  hours 
following  approximate  laws  : 

-ol 

q  =  qo  t  or  q  =  qo  exp  (-;-=>) 

If  we  suppose  that  outgassing  rates  depending  upon 
temperature,  follow  Arrhenius ' equation  into  a  re¬ 
cess  interval  of  temperature  (20  to  80°  C  for  exam- 


pie) 

we  may  propose  two  types 

of 

equations  ; 

E 

q  * 

"  RT 

qo  t  e 

(1) 

_L 

or 

q  “ 

“  ■Z'  “  RT 

qo  e  e 

(2) 

with 

E 

"activation  energy" 

of 

outgassing 

pheno- 

menas 

t 

times 

T 

temperature 

R 

gas  constant 

o( 

exponent  of  the  source 

decay  fonction 

x: 

time  s  con  s  tan  t 
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The  integration  of  (1)  between  times  1  and  t  (for 
r*  1)  and  equation  2  between  times  0  and  t  gives 
the  weight  loss  at  constant  temperature  : 


-  1  ‘  OT 

w  •  qo  .  — -  .  e 


W  «  qo  •  (- 1')  .  (e 


-  1) 


RT 


(3) 


(4) 


For  t^Ti  and  t2T2,  we  may  write 


^  <-f 

R  'Tj 


1-2' 
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tr-1 
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R  'ti  T2' 
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12 
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(6) 


Table 
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REF. 

h 

El  E2 

cal. 9 

T  REF. 

’K 

1  -oi 

V 

HOURS 

A 

10.976 

1.502 

5420 

39U 

353 

0.025 

25.4 

B 

0.229 

0.476 

6319 

7950 

353 

0.168 

82.6 

c 

0.125 

0.230 

8605 

6U5 

353 
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40.2 

P 

1.130 

1.042 
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7019 

353 

O.D 

46 

E 

0.180 

0.238 

6029 

4036 
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65.4 
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With  (5)  and  (6)  it  is  possible  to  determine  E  and 
ol  or  E  and  if  we  know  experimental  measurements 
WitiTi  (i  =  1  to  4)  and  then  to  calculate  the  weight 
loss  in  terms  of  the  weight  loss  Wref  obtained  du- 
ring  the  reference  time  tREF  sit  Tref#  or  then  cal¬ 
culate  the  rate  of  outgassing  : 


^  £  (1.  -  _ ) 

R  't  Tref  1  -  ci 
q  *  Href  •  ®  •  i-o( 

^ref  “ 


Wref 


E  4  _  i 
’  R  't  “  Tref 


tref 


4 


t 

e  (8) 


4.  RESULTS 


Figures  1  to  6  show  the  experimental  weight  loss 
versus  time  for  different  constant  temperatures 
and  the  calculated  curves  for  these  temperatures 
dating  from  (5)  and  (6)  where  W2  is  an  experimental 
point  corresponding  to  the  highest  temperature . 


We  verify  a  good  agreement  with  predicted  curves 
between  50  hours  and  2000  hours  ;  it  seems  that  the 
equation  type  t^*^  is  more  accurate  than  exponential 
equation  for  SYLGARD  104  polymerised  at  room  tempe¬ 
rature,  purified  or  not. 

The  table  1  shows  the  weight  loss  coefficient  equa¬ 
tions  when  weight  loss  is  given  in  initial  weight 
percentage.  We  observe  that  the  predicted  activa¬ 
tion  energy  increase  versus  purity  of  SYLGARD  184 
amd  the  exponent  0(  decrease  for  the  t“  ^  equation. 


We  have  calculated  the  weight  loss  percentage  of 
resins  for  tests  at  125“  C  during  24  hours  in  order 
to  see  if  it  is  possible  to  extend  estimates  out  of 
our  fixed  gradient  of  temperatures.  The  Table  2  gi¬ 
ves  the  experimental  and  calculated  values.  Except 
for  F  resin,  the  agreement  seems  correct. 

Table  2 


REFERENCE 

PREDiaED 

LOG 

EXP 

EXPERIMENT 

2.18 

A 

1.73 

1.86 

B 

0.43 

0.42 

0.40 

0.28 

C 

0.49 

0.34 

1.32 

D 

1.88 

1.23 

0.14 

E 

0.31 

0.26 

0.48 

F 

0.76 

0.26 
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W.L.  (%) 

SYL6ARD  184  PURIFIED  -  POLYMER  I  SAT  I  Oil  :  48h/r.t.  +  24h/100“  C 


Figure  3 


Figure  4 
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The  experimental  data  at  room  temperature  is  shown 
in  figure  7  in  order  to  prove  improvement  of  purified 
resins. 


5.  CONCLUSIONS 

i^'starting  with  a  small  number  of  weight  loss  measu¬ 
rements  we  have  sho\'/n  that  it  is  possible  to  esti¬ 
mate  outgassing  kinetic  between  100  h  -  2000  h  and 
20°  C  -  80°  C  for  these  silicone  products.  It  will 
be  possible  to  extend  this  method  to  another  resins 
like  epoxy  -  polyurethanes,  etc...  and  charges  si¬ 
licones  :  paints  for  example . 

We  are  presently  testing  paints  type  PSE  109/  P  123 
primer,  PSG  173/  P  123,  PSG  120/  P  128  primer  and 
PSG  120  FD/  P  128,  SI  /  P  123  CNES  paints. 

These  tests  show  : 

a)  the  application  field  for  proposed  equations  is 
smaller  (activation  energy  variable  versus  tem¬ 
perature) 

b)  desorption  of  water  vapor  must  be  taken  into  ac¬ 
count 

c)  it  will  be  necessary  to  study  weight  loss  evolu¬ 
tion  in  relation  to  exposed  areas  rather  than  to 
initial  weight. 


Figure  7 
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CONTAMINATJON  ENHANCED  ELECTROSTATIC  DISCHARGE  MECHANISMS 
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With  the  advent  of  larger  and  more  advanced 
spacecraft  the  two  problems  of  ESO  and 
contamination  requires  significant 
investigation  in  order  to  ensure  the  success  of 
future  missions.  In  addition  there  is  a 
synergistic  relationship  between  them  such  that 
one  enhances  the  probability  of  occurance  of 
the  other.  And  the  action  of  both  provides 
substantially  more  deterious  effects  than  the 
effects  of  both  separately.  Mechanisms  for 
such  a  relationship  will  be  discussed  as  well 
as  applications  to  large  advanced  technology 
systems. 

Keywords:  ESD,  Electrostatic  Discharge, 
j  Contamination,  Satellites,  Thrusters 


1.  INTRODUCTION 

The  Increased  sophistication,  sensitivity,  and 
size  of  modern  satellite  systems  has  revealed 
many  new  hazards  to  satellite  longevity.  Two 
of  the  basic  ones  are  the  problems  of 
Electrostatic  Discharge  and  Contamination.  The 
intent  of  this  paper  is  to  suggest  that  a 
synergistic  relationship  may  exist  between  the 
two  phenomena.  The  action  of  one  process  can 
tnd^^ase  the  probability  of  the  other,  and  both 
processes  operating  together  can  have  a  far 
more  detrimental  effect  on  survivability  of 
space^'^ys terns  than  both  processes  acting 
independently.  There  are  many  mechanisms  which 
can  explain  this.  Contamination  may  be 
enhanced  by  charging  phenomena  by  the  release 
of  ions  and  vaporized  materials  from  an  ESD 
event  which  have  the  potential  of  redepositing 
on  satellite  surfaces  fRef.  1)  or  by  the 
surface  charge  of  the  satellite  causing 
reattraction  and  deposition  of  ionized  thruster 
effluents  or  outgassed  species  that  have  become 
ionized.  (Refs.  ?,3,4)  ESD  may  be  enhanced  by 
contamination  by  changing  the  surface 
conductivity  of  materials  on  the  satellite  and 
thereby  affecting  charge  mobility.  The  effect 
of  both  phenomena  simultaneously  can  have  many 
times  the  impact  of  either  separately. 

'.The  understanding  and  prevention  of  these 
phenomena  are  essential  to  the  success  of 


future  missions  which  require  lifetimes  and 
sensitivity  far  greater  than  present  systems. 
The  state  of  the  art  in  either  field,  however, 
is  far  from  perfect  and  much  investigation  and 
technological  development  are  necessary  to 
insure  the  success  of  missions  such  as  those 
being  explored  under  advanced  mission 
technology  programs. 


2,  ESD  OVERVIEW 

Satellites  at  synchronous  orbit  have  been 
observed  to  charge  to  large  voltages  as  a 
result  of  the  presence  of  charged  particle 
currents  associated  with  .the  spacecraft 
environment.  In  the  local  time  sector  from 
just  before  midnight  to  past  dawn,  a  spacecraft 
at  altitudes  greater  than  3  Rg  will 
occasionally  be  immersed  in  a  dense  plasma 
cloud  (N  1-10  particles/cm^)  of  energetic 
electrons  fkTg  5-?0  kV).  This  phenomena  is 
usually  accompanied  by  localized  fluctuations 
in  the  earth’s  magnetic  field  at  high  altitude 
magnetic  observatories  and  is  known  as  a 
magnetic  substorm,  in  order  to  distinguish  it 
from  the  worldwide  fluctuations  associated  with 
a  magnetic  storm.  In  this  environment, 
however,  the  spacecraft  potential  can  range 
from  zero  to  over  20,000  volts.  ATS-5  has  been 
observed  to  charge  to  negative  voltages  as 
great  as  fifteen  thousand  volts  05  keV)  when 
the  satellite  is  eclipsed  by  the  earth.  The 
spacecraft  potential  with  respect  to  the  plasma 
depends  on  the  ambient  parameters,  the 
electrical  and  geometrical  characteristics  of 
the  spacecraft,  the  state  of  illumination  of 
the  various  sections,  and  the  properties  of  the 
external  surface  materials  used  in  the 
spacecraft. 

If  a  satellite  has  insulating  outer  surfaces, 
those  surfaces  can  charge  to  large  differential 
voltages  with  respect  to  the  spacecraft 
structure.  The  structure  also  can  charge  to 
large  voltages  relative  to  the  environment,  and 
thus  create  large  electric  fields  at  the 
surface  of  the  spacecraft  or  internal  to 
dielectric  surface  materials.  Because  of  these 
large  electric  fields,  electrical  breakdowns 
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(discharges)  may  occur  from  the  charged  outer 
surfaces  to  the  spacecraft  frame.  Where 
conductive  spacecraft  structures  are 
electrically  isolated  from  one  another  there 
exists  the  possibility  of  the  accumulation  of 
large  amounts  of  charge  which,  due  to  the 
charge  mobility  of  the  conductive  structure, 
will  act  as  a  single  capacitive  discharge 
transferring  energy  proportional  to  the 
capacitance  and  the  square  of  the  potential. 
This  can  be  a  serious  threat  to  the  operation 
of  the  spacecraft  and  has  in  fact  caused  the 
failure  of  at  least  one  important  satellite 
system. 

Laboratory  tests  have  shown  that  electrical 
discharges  cause  physical  damage  to  dielectric 
materials  used  for  satellite  thermal  control 
and  solar  power  systems.  The  external  surface 
of  a  spacecraft  is  complex  and  an  extremely 
important  subsystem  of  the  satellite  necessary 
for  its  adaption  to  the  space  environment.  It 
must  protect  it  from  damage  due  to  radiation 
and  micrometeoroids,  and  is  a  key  factor  in  the 
thermal  balance  of  the  spacecraft  within  the 
environment.  Metallized  polymeric  films, 
because  of  their  use  in  large  area  applications 
and  multilayer  configurations,  are  particularly 
vulnerable  to  static  charge  buildup  and 
subsequent  degradation  from  arcing.  This 
arcing  can  cause  removal  of  the  metallized 
layer  and  vaporization  of  the  polymeric  film 
(Ref.  1)  thus  severely  degrading  the  optical 
and  thermal  properties  of  the  material. 
Additionally,  this  can  cause  contamination  and 
degradation  of  adjacent  thermal  control, 
optical  and  other  subsystems.  Satellite 
charging  can  also  cause  the  re-attraction  of 
Ionized  outgassed  species  or  ionized  thruster 
effluents.  (Ref.  2,3,4) 

Discharges  can  also  cause  Electromagnetic 
Interference  (EMI)  which  has  been  identified  as 
a  primary  cause  of  satellite  anomalous 
behavior.  The  RFI  (radio  frequency 
interference)  emitted  by  an  arc  has  the  ability 
to  couple  into  satellite  electronics  (via  cable 
harnesses,  connectors,  etc.)  and  thereby  cause 
anomalous  voltage  pulses  resulting  in  erroneous 
data,  false  commands  or  system  failures. 

Many  of  the  anomalies  are  in  a  nuisance 
category,  and  can  be  tolerated  or  corrected  by 
a  ground  station  command.  There  have  been 
however,  more  serious  incidences;  one  caused 
the  loss  of  a  complete  satellite.  This  was 
caused  by  a  power  system  failure  during  a  very 
large  geomagnetic  substorm.  Several  other 
satellites  have  been  saved  only  through  quick 
ground  station  action  when  despun  antenna 
platforms  began  to  spin  up.  More  frequent 
anomalies  are,  however,  erroneous  data,  data 
frames,  and  spacecraft  surface  degradation. 

The  DSCS  II  satellites  are  probably  the  most 
significant  examples  illustrating  the  necessity 
to  understand  and  prevent  ESD.  The  first  DSCS 
II  satellite  underwent  a  complete  power  failure 
coincidental  with  a  severe  geomagnetic 
substorm,  and  the  satellite  was  lost.  In 
addition,  the  DSCS  II  satellites  have 
experienced  several  near  losses  and  many  less 
serious  anomalies.  There  were  several  types: 

(a)  spinup  anomalies,  (b)  Reset  Generator 


Assembly  (RGA),  (c)  Tunnel  Diode  Amplifier 
Logic  (TDAL),  fd)  pressure  transducer  failure, 
(e)  power  converter  switching,  and  (f)  gimbal 
reset.  (Ref.  5) 

Simulated  arc  discharges  were  used  to  test  a 
prototype  spacecraft.  Experimenters  were  able 
to  cause  every  type  of  anomaly  mentioned, 
except  for  the  pressure  transducer  failure. 

The  testing  demonstrated  that  the  anomalous 
behavior  was  the  result  of  a  change  in  the 
state  of  onboard  flip-flop  circuitry,  probably 
caused  by  nearby  ESO.  In  addition,  the 
pressure  transducer  failure  could  have  been 
caused  by  a  direct  arc  discharge. 

Potentially,  the  most  serious  was  the  spinup 
anomaly.  DSCS  II  has  a  spinning  cylinder  for 
attitude  stability  and  a  despun  platform  which 
enables  the  antennas  to  be  always  oriented 
toward  Earth.  The  spinup  anomalies  cause  the 
despun  platform  to  start  spinning.  If  allowed 
to  get  too  far,  the  antennas  would  not  be  Earth 
oriented  most  of  the  time  and  communication 
with  the  satellite  would  be  lost.  Commands 
from  ground  stations  were  able  to  despin  the 
antennas  and  countermeasures  were  subsequently 
instituted  to  automatically  despin  the  antenna 
if  a  spinup  anomaly  occurred. 

Some  of  the  anomalies  of  DSCS  II  were  not 
correlated  to  geomagnetic  indices  or  the  dawn 
to  dusk  quadrant.  These  were,  however, 
observed  to  be  illumination  and 
spin-orientation  dependent.  That  is,  the 
anomalies  occurred  more  frequently  when  the 
satellite  was  in  a  certain  orientation  with 
specific  sections  illuminated.  This  fits  in 
with  the  photoelectron  dependence  of  the 
spacecraft  charging  theory,  and  is  seen  as  a 
second  type  of  ESD  scenario. 

Intelsat  IV  is  a  COMSAT  satellite  which  has 
experienced  the  spinup  anomalies  described  in 
the  DSCS  II  section.  It  also  has  a  despun 
antenna  with  a  spinning  cylindrical  platform. 
Five  spinup  anomalies  were  observed  coincident 
with  geomagnetic  substorms.  Subsequently, 
software  countermeasures  were  instituted  to 
prevent  satellite  loss.  During  the  first 
launches,  the  thermal  blankets  were  not 
grounded  and  shielded  wires  were  used 
minimally.  No  absolute  grounding  standard  was 
used.  Other  anomalies  not  as  serious  as  the 
spinup  anomalies  have  been  observed.  Testing 
has  shown  that  ESD  could  cause  such  anomalies. 
(Ref.  6) 


Skynet  28  is  a  British  Defense  Communications 
satellite  which  has  experienced  a  large  number 
of  anomalies.  These  anomalies  are  data 
omission,  mistimed  data,  or  errors  in 
telemetered  spacecraft  parameters.  The 
distribution  of  these  anomalies  does  not  show  a 
daily  local  time  preference,  but  It  does  show 
an  increase  during  eclipse  seasons  in  spring 
and  autumn.  This  is  interpreted  to  show 
significant  dependence  on  photoemission  effects 
and  spacecraft  sun  angle.  The  presence  of 
small  aperture^s  allows  sunlight  to  enter  and, 
through  partial  illumination,  cause  some 
surfaces  to  give  off  electrons  while  others 
remain  charged.  This  condition,  coupled  with  a 
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sat2ll?+o^!  ^  switching  devices,  makes  the 
i!®  susceptible  to  ESO.  in  fact, 
repetitive  anomalous  telemetry  data  have  been 
experienced.  (Ref.  7) 

spacecraft  has  experienced  no 

*'"®  attributed  to 
.  *  ,w?  ^"strument  package  was  flown  on 
‘^®termine  plasma  fluxes  and 
potential.  The  experiment  did 
indicate  large  fluxes  and  kilovolt  potentials 

anomalies 
‘design  of  the 

sat®lllte.  The  Earth-viewing  module  was 
located  in  its  own  strong  rf  field.  For  this 
reason,  the  module  employed  extraordinary 
grounding,  shielding,  and  rf  sealing 
techniques.  It  was  felt  that,  since  the 
spacecraft  was  tested  at  twice  the  expected  rf 

system  nn  fh  command 

inerf  T  satellite  required  a  data  word  tc 

evUL  separate  data  word  to 

execute  1t.  The  circuitry  required  a  7  5-vo7t 

no^ltoJed^n^h^®*H  currents  and  there  were 
no  stored  onboard  command  sequences. 

Irn«?^eH®:  I®"*  system  also 

provided  some  immunity  to  ESD.  Testing  was 

done  on  each  component  as  well  as  the  whole 
spacecraft.  The  weight  cost  for  such  desion 
procedures  is  not  known,  but  it  is  ® 

significant.  It  has  demonstrated  though  that 
known  techniques,  however  extraordinary,  can 
reduce  or  eliminate  the  problem  with  ESO.  (Ref. 

Anomalous  temperature  rise  rates  on  satellites 
has  suggested  the  possibility  of  ESO 
degradation  of  radiator  surfaces  (Second 
Surfac®  Mirrors).  Studies  have  been  done  with 
the  conclusion  reached  that  ESOs  damage 
radiator  surfaces  to  some  extent  and  appear  to 
cause  an  increase  in  the  /  value.  The 
degradation,  however,  was  insufficient  to 
explain  the  gradual  temperature  increase 
observed  on  operational  sensors.  Thus,  it  is 
probable  that  a  contamination  mechanism  is  a 
gr®ater  factor  in  surface  degradation.  This 
contamination  could  however  be  charqlna 
enhanced.  (Ref.  8) 

It  has  generally  been  concluded  that  there  are 

Jh  ^L’-®®  Wi:°3ches  that  can  be  taken  to 
deal  with  this  problem.  The  first  is  to  accept 
the  fact  that  differential  charging  will  occu? 
and  design  or  harden  the  spacecraft  to  its 
effects.  Second,  make  the  entire  outside  of 
the  spacecraft  including  the  solar  panels 
electrically  continuous  and  conductive  i.e. 
enclose  it  in  a  Faraday  cage.  Here  the 
spacecraft  will  acquire  a  net  charge;  however 
the  charge  will  uniformly  distribute  Itself  and 
dilferential  charging  will  not  exist,  hence,  no 
discharges.  Third,  the  design  would  include  a 
method  of  distributing  charge  uniformly  and 
would  also  provide  through  active  or  passive 
means,  a  mechanism  for  removing  charge  thus 
keeping  the  net  spacecraft  charge  at  zero. 

The  first  approach  described  is  the  most 
practical  in  meeting  requiements  such  as  cost 
and  readiness  for  the  launch  date  where  these 
are  the  controlling  considerations  consistent 
with  program  objectives.  The  basic  guidelines 
to  this  type  of  hardening  is  that  all 
conductive  structures  and  subsystems  are 


electrically  continuous  to  a  unit  point  ground 
system  even  to  the  extent  of  including  metal 
turns  in  the  multi-layer  thermal  blanket  super 

the  added  benefit  of 

proving  a  Faraday  cage  around  most  of  the 
spacecraft.  Care  must  be  taken  to  assure  that 
exposed  dielectrics  are  not  degraded  during  the 
mission  life  and  that  discharges  on  these 
surfaces  are  sufficiently  decoupled  from 
sensitive  electronics.  All  harnesses  external 
to  the  spacecraft  must  be  shielded  where 
practical  so  that  Insulation  breakdown  will  not 
compromise  their  function.  Redundant  logic  can 
be  employed  in  command  and  other  sensitive 
circuitry. 

In  applying  the  methods  of  the  second  approach 
consideration  must  be  given  to  the  use  of 
conductive  coatings  over  dielectrics.  It 
should  be  possible  to  apply  these  coatings  thin 

*|]®^,^^®'^o-opti‘cal  properties  of  the 
underlying  dielectric  would  be  minimally 
affected  it  must  be  kept  in  mind  that  even  if 
such  coatings  are  possible  there  are  other 
factors  which  may  render  them  useless. 

The  third  approach  may  also  use  thin  coatinqs 
however,  here  secondary  emission  ^  ’ 

considered  in 

addition  to  conductivity,  in  considering  the 
current  balance  of  a  body  in  a  plasma  there  Ire 
three  components  to  achieve  equilibrium. 

charged  particle  current  of 
electrons  and  ions;  second,  photoemission  which 
IS  pr®sent  when  the  body  is  illuminated;  and 
third,  secondary  emission  which  is  the  most 
important  of  the  three.  If  the  secondary 
OTipion  ratio  of  the  surface  is  sufficiently 
high  the  net  surface  charge  will  be  maintained 
near  zero, 

other  approaches  to  obtaining  a  more  uniform 
charge  distribution  include  the  use  of  wire  or 

'^^®se  techniques 

dielectric  surface  into  a  matrix  of 
small  dielectric  tiles  each  bounded  by  a  ground 
plane.  This  reduces  the  area  on  the  surf^e 
which  can  differentially  charge  and  shortens 
the  distance  from  any  point  on  a  dielectric  to 
»-educing  the  magnitude  of 
individual  discharges  both  in  maximum  voltage 
transferred.  Even  though 
the  total  charge  or  the  total  capacitance 
Which  are  arithmetic  sums  of  the  smaller 
segments,  available  for  discharge  have  not 
changed,  the  total  energy  has  been 
significantly  reduced.  This  is  because  the 
energy  stored  in  a  capacitor  is  proportional  to 
the  square  of  the  voltage  rather  than  being  a 

+i!^®®''k^l4®''i’®®'  •  of  conductive  paths 

through  dielectrics  to  an  underlying  conductive 
layer  would  also  offer  this  same  tvoe  of 
control. 


Active  control  of  spacecraft  charging  involves 
the  control  of  spacecraft  potential  by  emitting 
charges  from  the  satellite  to  balance  the 
incoming  environmental  flux.  Experiments  have 
f]own  on  ATS-5  and  ATS-6  to  determine  the 
effectiveness  and  problems  of  this  technique 
The  primary  difficulty  is  that  electron 
emitters  control  only  the  spacecraft  ground  and 
surface  conductively  continuous  with  it. 
Isolated  surfaces  will  still  keep  their  "charge 
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and  hence  the  difference  between  their 
potential  and  ground  will  increase  thus 
exacerbating  differential  charging  and 
inrreasina  ESD  probability.  An  ion  source  can 
Ihen- bl  ufed  to'^eSit  ions  which  can  fl^  to  the 
neqatively  charged  surfaces  and  neutralize 
them.  However,  the  serious  contamination 
threat  this  poses  is  obvious. 

The  experiments  on  ATS-5  and  ATS-6 
Indicated  that  it  is  P^^lble  to  control 
soacecraft  potential  by  use  of  cesium  ion 
thrusters  as  sources  of  both  ions  af'd 
electrons.  On  ATS-5  it  has  changed  the 
spacecraft  from  a  potential  of  a  few  kilovolts 
negative  to  about  -20  volts.  (Ref.  6) 

3.  CONTAMINATION  OVERVIEW 

High-performance  optical  systems 
functional  surfaces  aboard  ^ 

spacecraft  require  effective  contamination 
control  measures  to  maintain  performance 
qtabilltv  and  to  ensure  data  accuracy. 
Contailn'atlon  is  said  to  exist  if  a  spacecran 
or  launch  vehicle  produced  o®  a 

with  the  Intended  performance  of  a  surface  or  a 
sensor.  The  contamination  can  deposit  on  a 
surface  and  thus  alter  the  a^sorptance, 
emittance,  transmittance,  reflectance  or 
conductivity  characteristics.  The 
contamination  can  also  t  ,_(i 

radiation.  Contamination  can  occur  from  either 

molecular  species  or  particulate  matter. 

The  sources  of  the  molecular  species  are  mass 
loss  from  nonmetallic  ’"aterials,  venting  of 
confined  spacecraft  or  experiment  volumes, 
attitude  control  systems  cyrh 

operational  venting  or  purging 
a^fuel  cells  and  sublimators.  AnOTalous 
sources  such  as  leaks  in  coolant 
propellant  tanks  and  hydraulic  systems  also 


contribute  to  the  molecular  induced  . 

environment.  The  major  sources  of  Pa'^^iculates 
are  sloughing  off  of  particles  acquired  during 
ground  handling  and  assembly,  attitude 
exhausts,  overboard  vents,  leaks  or  purges  of 
capable  of  condensing  into  particles  upon 
vacuum  exposure,  abrasion  of  movable  surfaces 
and  micrometeoroid  impacts. 

Maior  contamination  events  may  Include: 
ground-based  initial  contaminant  loading  Purina 
th^f actor y-to-launch  operational  sequence;  (2) 
launch  vehicle  interface  effects  during 

launch/ascent/payload-deployment  mission  phase, 

vacuum-exposed  outgassing-deposition,  thruster 
Impingement,  venting,  and  release  of 
particulates.  A  summary  of  the  major 
contamination  modes  and  sources  eu®Puntered 
during  spacecraft  operations  is  presented  in 
Table  I. 

An  overview  of  general  spacecraft  contamination 
SnS™  sho.n  in  T.ble  11  »•  »» 

key  issues  must  be  carefully  evaluated 
to  develop  an  effective  contamination  control 
system  and  management  plan: 

0  Initial  contamination  budget  >• 
cleanliness,  level,  . 

maintenance,  handling,  and  other 
pertinent  procedural  factors. 

0  Material  selection  - 

outgassing-deposition  properties, 
pre-flight  space  conditioning  being  a 
possible  means  of  contamination 
reduction. 

0  Configuration  and  subsystem  designs 
avoidance  of  contaminant  fluxes; 
implementation  of  on-board 
contamination  preventive  measures. 


TABLE  I 


rnNTAMTNATION  MODES 


o  Outgassing/Oeposition 

(Molecular) 


0  Cloud  Formation  (Molecular 
and  Particulate) 

0  Plume  Impingements 

0  Misc  (Radiation,  Electro¬ 
static  Forces,  Proton 
Sputtering,  Micrometeoroids) 


SOURCES 


0  Surface  Desorption  -  Adsorption, 

Lubricants,  Adhesives,  and  all 

Evaporable  Surface  Materials 

o  Leaks,  Vents,  Shuttle  Interface 

0  Leaks,  Vents,  Dust  Recirculation 
Particle  Dispersion 

0  Solid  and  Liquid  Engine  Plumes 

0  Atmospheric  Particles,  Electro¬ 
static  Discharge,  Micrometeor- 
olds 
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TABLE  II 

GENERAL  SPACECRAFT  CONTAMINATION  CONCERNS 

0  Deposition  or  Film  Formation  -  Surface 
Physical/Chemical  Property  Changes; 
Optical  and  Thermal  Performance 
Degradation 

o  Plume  Impingement  or  Particle  Streams 
-  Surface  Erosion,  Blast  Damage 

0  Particulate/Molecular  Environments  - 
Light  Scattering  and  Absorption 

0  Radiation,  Proton  Sputtering, 
Electrostatic  Forces  -  Surface 
Outgassing,  Contaminant  Flux 
Trajectories 


For  the  new  generation  of  space  vehicles  within 
mission  objectives  of  performing  scientific 
experiments  and  observations  over  a  long-life 
period,  these  Issues  may  have  to  be  evaluated 
based  on  stringent  contamination  constraints 
whereupon  accurate  contamination  predictions 
become  mandatory. 

The  sources  of  plume  Induced  contamination  from 
conventional  liquid  propellant  engines  can  be 
grouped  Into  four  types: 

0  Unreacted  fuel  or  oxidizer  vapor 
produced  during  preignltlon  which 
forms  clouds  of  droplets  of  about  one 
to  two  microns  In  size,  which  usually 
cause  hazy  or  smoke-1 ike  deposits. 

0  Incompletely  reacted  fuel  or  oxidizer 
droplets  which  are  too  large  to 
completely  react  In  the  chamber  (up  to 
several  hundred  microns  In  size),  and 
which  are  centrally  directed,  pass 
through  the  throat  and  are  accelerated 
to  speeds  of  up  to  several  thousand 
feet  per  second.  If  these  droplets  do 
not  completely  vaporize  In  the  plume, 
they  can  deposit  on  or  abrade  a 
surface  Immersed  in  the  plume. 

0  Wall  film  produced  by  unburned 

propellant  Impinging  on  the  chamber 
walls  Is  propagated  downstream  under 
the  Influence  of  viscous  forces  from 
the  expanding  gas  to  the  nozzle  lip 
where  It  Is  ejected.  If  this  wall 
film  Is  able  to  move  to  the  nozzle  lip 
without  being  thermally  destroyed.  It 
will  be  thrown-off  as  large  droplets 
in  a  direction  roughly  normal  to  the 
nozzle  axis. 

0  Combustion  products,  such  as  HpO, 

CO2*  MMH  nitrate  can  condense  in  the 
plume  or  on  cold  surfaces  immersed  in 
the  plume.  These  droplets,  like  the 
unburned  propellant,  can  deposit  on  or 
abrade  an  Immersed  surface. 

Bipropellant  engines,  due  to  Incomplete 
combustion,  generally  produce  all  four  types  of 
contaminants,  while  monopropellant  engines,  if 
the  catalytic  bed  Is  operating  efficiently, 
generally  render  only  condensibles  as  a 


contaminant.  During  steady-state  operation,  a 
bipropellant  engine  produces  unreacted 
propellant  droplets,  condensibles,  and  if  the 
engine  hardware  is  cold  enough,  wall  film. 
Increasing  combustion  efficiency  (i.e., 
optimizing  fuel-oxidizer  injector/chamber 
compatibility,  etc.)  can  reduce  the  production 
of  unreacted  droplets  and  wall  film.  Unreacted 
vapor  is  limited  to  transient  engine  operation. 
Wall  film,  unreacted  vapor,  and  unreacted 
droplets  result  from  residual  propellants  in 
the  injector  and  manifolds  (dribble  volume) 
downstream  of  the  valves. 

Following  engine  shutdown,  when  the  chamber 
pressure  decreases  to  the  vapor  pressure  of  the 
propellant,  cold  flow  expulsion  of  the  residual 
propellant  Is  initiated.  Since  the  oxidizer 
and  fuel  will  have  different  vapor  pressures, 
the  initial  expulsion  of  one  will  quench 
combustion.  Contaminant  production  depends  on 
how  effectively  the  residual  propellants  are 
consumed  following  valve  closure.  If  the 
engine  Is  sufficiently  hot  at  shutdown,  some 
residual  propellants  will  combust  and  diffuse 
Into  the  vacuum  environment.  For  cold  engine 
shutdowns,  combustion  will  quench  earlier, 
resulting  In  more  unreacted  droplets,  wall 
film,  and  unreacted  vapor. 

An  optimum  engine  design  Is  one  which  produces 
complete  propellant  vaporization  upstream  of 
the  nozzle  throat  and  eliminates  manifold 
dribble  volumes.  Dribble  volumes,  however, 
will  probably,  never  be  eliminated  completely, 
due  to  mechanical  limitations.  Complete 
propellant  vaporization  can  be  achieved  by 
increasing  chamber  length;  however,  the  more 
efficient  mixing  associated  with  increased 
chamber  lengths,  results  In  hotter  wall 
temperatures,  which  degrades  the  film  cooling 
effect  and,  ultimately,  engine  life.  For  these 
reasons,  and  the  fact  that  condensibles  will 
always  be  present  in  the  exhaust  plume  and  on 
cool  surfaces  immersed  in  the  plume,  plume 
induced  contamination  from  liquid  engines 
remain  an  area  of  continuing  concern. 

Attitude  control  thrusters  operate  in  short 
pulses,  and,  thus,  the  steady  state  burn  time 
is  not  long  compared  to  the  start-up  and 
shut-down  transients.  For  this  reason,  all 
three  phases  of  the  engine  burn  have  to  be 
analyzed.  In  addition,  the  fixed  location  of 
the  thrusters  on  satellites  mean  that  some 
sensitive  surfaces  will  be  located  near  the 
plane  of  the  thruster  exit,  and  thus,  exposed 
to  contamination  from  expelled  nozzle  wall  film. 

Solid  Rocket  Motors  (SRM),  Ion  thrusters,  and 
pulsed  plasma  thrusters  (PPT)  also  exhibit 
contamination  effects.  The  SRM's  are 
distinguished  by  the  large  amount  of  solid 
particles  ejected  in  its  exhaust  which 
constitutes  an  additional  contaminant  form. 

The  lUS  engines  for  shuttle  assisted  launches 
are  SRM's  and  thus  it  is  necessary  to 
understand  their  contamination  impact.  The 
potential  contamination  problems  from  SRM's 
have  been  known  for  a  considerable  time  and 
Borson  and  Landsbaum  (Ref.  9)  have  indicated 
that  their  contamination  potential  is  similar 
to  that  of  liquid  rockets  except  for  the 
additional  particulate  contamination.  Many 
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systems  utilizing  SRM's  have  reported  problems 
or  concern  over  contamination  of  these  engines. 

PPT's  and  ion  thrusters  because  of  their  long 
useful  life  are  prime  candidates  for  future 
missions.  They  may  be  operated  for  thousands 
of  hours  without  failure  and  thus  are  ideal  as 
attitude  control  and  station  keeping  devices  as 
they  are  normally  of  small  thrust.  Average 
backflow  contamination  from  a  PPT  was  meaured 
at  lO^lOg-cm'^-pulse"^  with  an  r’2 
dropoff  with  distance  from  nozzle  exit.  Many 
atoms  and  ionized  species  such  as  carbon, 
fluorine,  and  Iron  have  been  observed  as 
contaminants  and  some  deposits  could  not  be 
removed.  Thus  this  thruster  Is  also  a  prime 
candidate  for  contamination  concern. (Ref .  10) 

4.  CONTAMINATION  -  ESO  SYNERGISM 

There  are  three  basic  mechanisms  which  explain 
the  existence  of  a  synergistic  relationship 
between  contamination  processes  and  ESD 
phenomena. 

The  first  of  these  was  Investigated  by 
Yadlowsky  et.  al.,  and  concerns  ESD's  which 
release  vaporized  products  and  Ions  which 
deposit  on  other  satellite  surfaces  as 
contaminants.  Puncture  discharges  in  silvered 
teflon  were  enhanced  by  electron  beam 
Irradiation  and  results  indicated  that  both 
electrons  and  ions  were  emitted  as  well  as 
vaporized  teflon  and  silver.  This  vaporized 
material  can  be  a  serious  source  of 
contamination  for  other  satellite  surfaces  as 
are  the  ions  which  may  be  reattracted  to  the 
satellite  as  described  in  the  second  mechanism 
to  follow.  The  redeposition  of  these 
contaminants  can  have  a  significant  deleterious 
effect  on  satellite  lifetime  and  performance. 

It  was  howeyer  observed  that  as  more  discharges 
occur,  less  material  Is  emitted.  (Ref,  1) 

The  second  mechanism  involves  the  trajectories 
of  charged  particles  in  the  electric  field  of  a 
charged  spacecraft.  These  particles  are  either 
outgassed  materials,  thruster  effluents,  or  ESD 
ejecta  (as  described  in  the  previous  paragraph) 
which  were  ionized  before  emission  or  were 
subsequently  ionized  In  space  by  solar  UV  or 
ambient  electrons.  In  any  case,  if  the 
spacecraft  is  charged  these  ions  will  tend  to 
be  reattracted  to  the  satellite  if  they  are 
Ionized  within  the  plasma  sheath.  D.  P. 
Cauffman  estimates  that  a  total  of  100  A  will 
results  in  three  months.  N,  J.  Stevens,  et.al. 
describes  processes  which  may  be  Included  as  a 
subset  of  this  mechanism  whereby  contamination 
is  enhanced  by  ESD.  He  describes  It  as  an 
electrostatic  precipitation  effect  whereby 
contaminants  may  be  attracted  to  a  charged 
spacecraft  by  (1)  neutral  molecules  becoming 
polarized  (but  not  ionized)  by  the  electric 
fields,  (2)  acceleration  of  charged  particles 
in  space  increasing  the  probability  of 
ionization  by  collisions,  and  (3)  the  Intense 
field  at  a  Surface  actually  may  ionize 
outgassing  molecules.  Once  these  ions  or 
particles  are  reattracted  to  the  satellite 
surface  they  can  have  degradation  effects. 

(Ref.  2,3,4)  7 


The  third  mechanism  involves  the  effect  of 
contaminants  on  surface  properties, 
particularly  surface  conductivity.  The 
presence  of  a  contaminant  on  a  surface  can 
effect  the  mobility  of  electrons.  This  is 
recognized  to  be  one  of  the  major  problems  with 
control  of  ESD.  Dielectric  materials  trap 
electrons  until  such  a  charge  builds  up  that  an 
arc  occurs  radiating  EMI  and  damaging  satellite 
surfaces.  As  a  submechanism  of  this  it  can  be 
realized  that  a  discharge  can  polymerize, 
darken,  and  otherwise  change  the  properties  of 
surface  contamination  so  that  it  becomes  even 
more  deleterious. 

Recently  it  was  suggested  by  Scarf  at  an  ESD 
workshop  at  JPL  that  certain  discharges 
detected  by  the  Plasma  Wave  experiment  on  the 
Jupiter  Voyager  spacecraft  were  coincident  with 
hydrazine  thruster  firings.  While  several 
mechanisms  can  be  used  to  explain  such  an 
effect,  there  clearly  is  an  ESD  -  contamination 
relationship  implicated.  (Ref.  11) 

Mechanism  two  1s  being  directly  investigated  at 
present  on  the  SCATHA  satellite.  The  design  of 
the  ML12  experiment  involves  a  combination  of  a 
retarding  potential  analyzer  and  a  temperature 
controlled  quartz  crystal  microbalance. 

Thereby  differentiation  between  deposition  of 
charged  and  uncharged  species  can  be  made  and 
information  can  be  obtained  regarding 
adsorption  and  desorption  rates  of  contaminants 
and  their  temperature  dependence.  The  other 
Instrument  in  the  experiment  has  several 
materials  of  which  the  g  is  monitored  as  a 
function  of  the  depositing  flux.  Thus  ML12 
should  be  able  to  accurately  determine  if  the 
charge  state  of  a  satellite  contributes 
significantly  to  contamination  deposition  on 
exterior  surfaces,  thus  determining  the 
accuracy  of  mechanism  two.  (Ref.  12) 

SCATHA  also  carries  an  experiment  designated 
SC4  which  involves  particle  beam  systems.  A 
Xenon  ion  gun  is  Involved  and  return  flux  can 
be  measured.  (Ref.  12) 

5.  ADVANCED'  MISSION  TECHNOLOGY  PROGRAMS 

This  information  has  a  great  impact  on  any 
advanced  mission  technology  programs  within 
NASA.  One  of  the  new  technology  development 
areas  is  in  the  area  of  large  deployable 
reflectors.  Large  (100  meter  diameter)  mesh 
antennas  will  be  placed  in  geosynchronous 
altitude  for  studies  in  multi-beam 
communications.  Most  of  these  antennas  will  be 
erected  in  LEO  and  transported  to  the 
synchronous  altitude  by  a  low  thrust  orbit 
transfer  propulsion  system.  It  is  highly 
probable  that  contamination  from  the  numerous 
scenarios  involving  plume  impingement  will 
compromise  the  materials  selection  program  for 
electrostatic  discharge  (ESD)  control. 

As  the  space  shuttle  will  be  the  major 
transport  vehicle  to  move  material  to  Earth 
orbit  and  assemble  and  deploy  future  space 
systems,  thruster  effluents  and  other  STS 
induced  contamination  will  have  an  effect  on 
these  systems.  ./The  shuttle  will  only  attain 
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low  Earth  orbit  and  some  form  of  rocket  system 
must  be  used  to  insert  these  large  structures 
into  higher  Earth  orbits  and  even 
geosynchronous  orbits.  These  propulsion 
systems  must  almost  certainly  be  low  thrust  so 
as  not  to  destroy  the  structure  and  may  be 
similar  to  the  pulsed  plasma  thrusters 
previously  discussed.  A  station  keeping  and 
attitude  control  system  are  also  necessary  for 
the  structure  to  maintain  proper  orientation 
and  position.  This  system  would  be  used  on  an 
as  needed  basis  and  would  require  thrusters  to 
be  pulsed  frequently  while  cold  and  hence  more 
contamination  prone.  All  of  these  factors,  the 
STS  transport  and  assembly,  the  orbit  transfer, 
and  the  station  keeping  will  all  add  to  the 
contamination  probability.  In  addition  such 
structures  have  large  quantities  of  VCM 
materials  essential  to  their  proper  operation. 
These  materials  over  the  large  lifetime  of  the 
antenna  or  platform  will  outgas  substantial 
quantities  of  contaminants  which  will  have  an 
adverse  effect  on  such  a  material.  First  they 
would  certainly  change  the  surface  conductivity 
as  previously  discussed  and  may  cause 
electrical  signal  interference  should  electrons 
become  trapped  in  the  materials.  They  could 
also  have  a  corrosive  effect  on  the  dacron  or 
they  could  have  a  stiffening  effect  causing  the 
surface  accuracy  to  be  uncontrollable.  It  is 
also  apparent  that  any  direct  or  almost  direct 
plume  impingement  during  docking  maneuvers  or 
otherwise  could  tear  or  destroy  parts  of  the 
system. 

Once  the  contamination  has  deposited  on  such 
Surfaces,  it  will  be  almost  impossible  to 
clean.  It  will  be  remembered  that  the  PPT 
deposits  discussed  earlier  were  not  removeable 
from  hard  metal  surfaces  and  there  is  no  reason 
to  believe  any  other  system  is  any  better.  It 
will  then  be  impinged  upon  by  ambient  protons 
and  electrons,  UV  radiation,  and  ganma  rays. 
These  will  have  an  effect,  possibly  darkening 
and  hardening  the  deposits  and  in  the  case  of 
electrons  can  be  a  source  of  ESO  arcs.  Such 
arcing  will  of  course  have  a  degradation  effect 
on  the  surface  as  well  as  providing  additional 
contaminants  for  redeposition  at  other 
locations.  The  ESD  events  will  also  cause  gold 
or  other  conductive  coatings  to  be  vaporized 
and  destroyed  in  spots,  thereby  reducing 
conductivity  additionally.  Also  surface  charge 
will  reattract  ions  and  other  particles  to  the 
surface  for  more  contamination.  The  result  can 
be  seen  to  be  multiplicative, 

A  study  was  conducted  for  NASA  MSFC  to 
determine  the  contamination  impact  of  a  typical 
docking  maneuver  of  the  space  shuttle  with  a  25 
KW  power  module.  Thicknesses  of  contamination 
on  sensitive  surfaces  and  solar  arrays  were 
predicted  to  be  as  much  as  35  microns  (and  will 
be  even  higher  in  spots  because  this  number 
represents  an  average  over  the  surface).  (Ref. 
13).  Deposits  of  this  magnitude  cannot  be 
Ignored  and  it  was  felt  that  such  a  docking 
maneuver  might  produce  torques  significant 
enough  to  break  off  portions  of  the  power 
module.  Docking  scenarios  have  subsequently 
been  substantially  improved  but  such 
contamination  will  continue  to  be  an  area  of 
concern. 


6.  CONCLUSIONS 

The  long  lifetime  and  expense  of  large  space 
systems  necessitate  the  development  of 
contamination  and  ESD  prevention  or 
protection.  It  is  obvious  that  one  can  enhance 
the  other  and  thus  attention  must  be  given  to 
solving  both  problems  such  that  their 
interaction  does  not  cause  a  multiplicative 
synergistic  effect  which  reduces  the 
effectiveness  of  such  solutions.  Obviously 
many  measures  need  to  be  investigated  of  which 
plume  shields,  improved  docking  and  undocking 
scenarios,  and  better  materials  and  design  are 
an  essential  part.  It  may  be  noted  that  plume 
shields  and  skirts  have  been  used  in  many 
applications  with  significant  reduction  In 
contamination.  The  ESO  problem  is  further 
still  from  solution.  Active  control  of 
charging  may  not  solve  more  problems  than  it 
causes.  Thus  it  appears  to  be  a  problem  of 
finding  materials  to  do  the  job.  In  any  event, 
these  difficulties  must  be  solved  to  insure  the 
success  of  future  missions,  and  the  data  from 
the  SCATHA  experiments  will  provide  much  needed 
insight  into  possible  solutions. 

Abstract  Errata:  the  authors  apologize  to  the 
principle  investigators  on  SCATHA  experiment 
SCI  for  the  inaccurate  reference  to  their 
experiment  in  the  abstract  publication  which 
was  the  apparent  result  of  a  typographical 
error.  It  should  be  noted  that  SCI  does  not 
concern  contamination  reattraction  as  was 
indicated. 
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DISCUSSION 


J,  Nbacanin  (JPL)  : 

Your  TiDEF  experiments  will  be  carried  out  in 
a  Lew-Ear th-Orbi t  (LEO)  environment,  yet  you 
interested  in  effects  in  a  geosyud^rCTious  orbit. 
Would  you  cenrent  on  the  approach  you  plan  to 
take  in  extrapolating  LDEF  data  to  the  geosynch¬ 
ronous  (GEO)  environment? 

I, 

The  SMM  to  be  tested  in  the  MBB-LDEF 
Exper*iment  are  already  qualified  by  ground  tests 
(combined  environment  of  electrons^  protons  and 
UVs  vacuum,  temperature ) ,  The  approach  we  are 
planning  for  the  extrapolation  from  Law  Earth 
Orbit  (LDEF-orhit)  to  GEO  environment  is  as 
follows: 

-  investigation  of  the  effects  of 

a)  contamination 

h)  electrical  dischanging  effects 

c)  fan  IJV 

d)  mum  VV 
each  separate/ }.  a}hj 

eofTipai*ing  the  resulta'^  of 

e)  LDEF  ^  f  light  experiment 

f)  related  GEO  tests  available  (from  other 
satellites) 

With  the  ground  experiment  results  and 
analysing  very  carefully  all  results. 


S.J*  Bosma  : 

The  extrapolation  of  LED  results  to  GEO 
results  is  limited,  because  syn-energistic  effects 
are  not  taken  into  account. 

A  similar  problem  exists  for  ground  tests. 

Do  you  perform  your  near  and  far  -  UV  tests  on 
the  same  test  sanple?  Otherwise  syn-energism 
will  not  be  taken  into  account. 

.L.  Freuss: 

I  agree  that  extrapolation  of  LEO  results 
to  GEO  results  is  limited,  as  you  mentioned. 

But  at  the  moment,  the  LDEF  Experiment  is  the  only 
chance  for  putting  our  samples  into  orbit.  We  will 
perform  the  near  and  far-VV  tests  not  with  the 
same  test  sam^^les,  but  with  samples  of  the  same 
type.  The  aim  of  the  ground  experiments  is  to 
investigate  separately  the  effects  of  far-UV  and 
neax^-VV  and  to  compare  them  with  the  flight  results 
(far  -f-  near-UV  corrhined)  on  LDEF  to  determine 
testing  criteria  for  future  ground  qualification 
tests. 


A.  Paillous  : 

DERTS  has  performed  a  radiation  test  using 
a  oonbined  environment  facility  for  the  OTS  pro- 
graime.  Sene  results  will  be  given  in  a  subsequent 
session,  together  with  in-fli^t  degradation  data. 
As  CERTS  has  also  planned  and  designed  an  experi¬ 
ment  to  be  flcwn  on  LDEF,  it  will  be  possible  to 
ocarpare  in-fli^t  geosynchronous  orbit  degradaticn 
data,  in-flight  IDEF  low-orbit  degradation  data, 
and  laboratory  degradation  data. 


//.  I'r^ouss: 

'I'hc  Er>M  /.  (’  hr  li'sted  and  ({ual  tj'icd  in  the  MHH- 
LDEF-Euperimoi f r,  arc  alr<?adij  ground  qualified 
for  a  long- teem  (10  years)  GEG-Orhlt  mission. 
Flight  roGultr,  on  LDEF,  results  ft^ofn  accorjqjanying 
ground  experiments  and  ami  table  (/round  test 
data  for  a  sinn/lated  GEO-orbit  as  well  as 
available  related  flight  data  will  he 
compared  and  evaluated. 

Because  the  reference  SSM-samples  of  our  LDEF- 
experiment  (eg  OCLI-OSR's )  arc  well  knohm  in 
terms  of  flight  -  and  tab  -  test  data,  a 
reajsondble  comparison  of  our  EfJMLs  on  LDEF  with 
in  flight  GEO-orbit  degradation  data  of  other 
SSM^s  (eg  OCLJ-OER's)  is  therefore  also  possible, 

L.  Preuss  : 

Charging  on  SCATHA  was  predicted  by  the 
NASCAP  charging  analyser  prograirme.  On  the  other 
side  charging  sensors  wtBre  installed  in  SCATIIA. 

Hew  is  the  agroenent  between  predicted  and 
measured  charging  on  SCAHiA?  Wtien  will  data  be 
available  in  tlie  literature? 

D,  F,  Ball: 

I  do  not  think  that  these  comparisons  have  ' 
been  made  yet,  E,  John  Elevens  of  NASA  Lewis 
Research  Centre  can  best  advise  you  of  the  schedule 
for  EASCAP  model  validation  and  of  publication 
plans,  I  would  expect  NASA  Technical  Reports  (TRs) 
to  appear  on  the  topic,  at  least. 


■R.  Moss  (Ford  Aerospace)  ; 

To  what  do  you  attribute  the  differences  in 
contamination  results  between  the  belly  band  and 
upper  QCMs,  particularly  the  lack  of  tenperature 
senstivity  of  the  belly  band  QCM  vs  the  distinct 
tenperature  sensitivity  of  the  shadowed  QCTi?  Also, 
why  is  there  the  gross  difference  in  mass 
accumulation  rates?  Is  there  any  relationship 
between  charging  events  and  mass  deposition? 

D,  F,  Hall: 

The  difference  between  the  temperature 
sensitivities  of  the  mass  aooimulation  rates 
observed  on  the  two  QCMs  is  under  investigation. 

The  VV  that  falls  on  the  belly  band  detector  may 
activate  the  surface  and/or  polymerise  the 
adsorbate  to  't'uise  its  desorption  imeYujy,  I  would 
not  characterise  the  difference  between  the 
accumulation  rate  on  the  belly  hand  dctecta'^  a>id 
the  -9o^C  shadowed  detector  us  gy^oss. 

Regarding  charging  events,  at  this  time  X 
oyxly  have  \uick  look/  data  for  a  few  short  (<2  hr) 
charging  events.  Casual  inspection  of  these  data 
does  not  reveal  large  changes  in  mass  accumulation 
rates  during  these  periods,  A  careful  analysis  of 
all  charging  events  will  he  reported  at  a  later 
time. 
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W.  Schaefer  (MBB)  : 

If  I  have  understocxi  correctly,  the 
ooiitainination  rate  of  the  oontamination  sensor 
facing  space  and  sun  irradiation  was  independent 
of  sensor  teitperature.  Ihe  fact,  well  known  from 
laboratory  tests,  that  condensable  material  will 
be  cracked  by  the  simulated  high  energy  sun 
radiation  (UV)  could  provide  an  explanation  for 
your  measureiTients ,  because  after  cracking 
ccxitamination  products  cannot  be  removed  fron  the 
surface  of  the  sensor  even  by  heating.  Do  you 
think  that  this  could  be  true  or  have  you  another 
explanation  for  these  measurements? 

D.  Halt: 

This  is  a  good  hypothesis^  but  it  requires 
that  energetic  photons  arrive  simultaneously  with 
or  Very  soon  after  the  arrival  of  a  low  desorption 
energy  molecule*  Another  hypothesis  is  that  sun¬ 
light  affects  the  material  layer  already  on  the 
detector y  so  as  to  strongly  bind,  perhaps 
chemisorby,  incoming  molecules.  Finally y  the 
molecules  incident  on  the  two  detectors  might  be 
quite  different. 


W.  Schaefer  (MBB)  : 

1)  Is  SCATHA  a  clean  satellite  in  the  senses 
that  both  satellite  and  surfaces  were  carefully 
cleaned  just  before  launch,  that  by  proper 
material  selection  for  all  satellite  ocupCMients 
material,  minimum  contamination  could  be  es^pected 
frcm  the  satellite  itself,  and  that  care  has  been 
taken  to  avoid  contamination  from  the  launcher? 

2)  If  so,  vhat  special  measures  were  taken  to 
avoid  contamination  before  contamination  measure¬ 
ments  started  (in  the  final  orbit)? 

n*  F.  Hall: 

P78-2  is  probably  quite  representative  of 
typical  VSAF  spacecraft  these  days*  MIL  STO  1S40A 
and  *  visibly  clean'  requirements  were  in  the 
svacecraft  contract*  The.  craft  was  cleaned  at  the 
iaivich  site*  The  acoustical  blanket  in  the  payload 
fairing  was  subject  to  the  special  cleaning  ^ 
procedures  occasionally  used  for  contaminati-on- 
critieal  USAF  vehicles. 

Ail  ML  12  sensors  were  covered  until  a  Jew 
hours  before  launch y  when  the  covers  on  the  TOC 
trays  were  removed  through  a  special  door  in  the 
payload  fairing.  The  cover  on  the  ML12~7  TQCM  was^ 
opened  during  the  first  pass  of  the  transfer  orbit 
after  the  experiment  data  collection  had  been 
initiated.  The  cover  on  the  Mil 2-6  TQCM^  was 
opened  about  four  days  after  taunchy^  after  the 
vehicle  was  inserted  into  final  orbit  and  its 
angular  velocity  had  been  reduced,  fx^om  60  to  Jb 
I’pm  (final  velocity  is  d  rpm) * 


J.  Bosma  (ESTEJC)  : 

A  seven-year  geosynchronous  simulation 
(p+  e“  and  UV)  showed  bleaching  effects  of  several 
black  paints ; 

3li  black  velvet  (401C10) :  Aotg  =  -0.010  to  -0.015 
chemglaze  2306:  Aag  =  -0.015 

cuventin  306:  Aag  =  -0.020 

11113  bleaching  effect  is  less  than  the  data 
reported  from  SCATHA,  so  that  the  effect  could  be 
due  to  both  bleaching  and  flaking. 


F.  Hall: 

I  expect  to  reduce  the  uncertainty  bars  in 
this  data  and  compute  at  more  frequent  intervals* 
The  present  data  are  not  conclusive y  but  since 
rapid  degradation  appears  to  commence  about  the 
time  of  the  start  of  the  eclipse  season,  flaking 
would  seem  to  be  at  least  part  of  the  story*  Did 
the  UV  tests  you  report  include  the  far  UV? 


C.N.  Fellas  (BADG)  : 

could  you  give  more  details  about  the  major 
charging  event  observed  on  *Scatha*,  e.g.  was  it 
a  slow  build-up  to  the  8000  V,  or  a  r^id  charging 
event?  Was  there  any  discharge  and  any  consequences 
from  it? 

p.  f.  Hall: 

This  event  was  observed  during  a  pass  which 
included  an  eclipse  of  a  45  minute  duration.  At 
the  beginning  of  the  pass,  the  craft  frame 
potential  was  — 75  V  with  respect  to  the  ambient 
plasma  potential*  As  the  vehicle  was  eclipsed  by 
the  Earth,  the  frame  potential  went  immediately  to 
several  kilovolts.  Apparently  this  potential 
would  have  persisted  throughout  the  eclipse  had  the 
SC4  active  edvarge  control  experiment  not  been  run 
during  portions  of  it*  (Details  regarding  SC4 
operations  may  be  obtained  from  Herb  Cohen  at  USAF 
Geophysics  Lab).  At  the  conclusion  of  the  eclipse, 
the  frame  potential  came  to  — 50  V, 


C.  'Jiori  : 

Concerning  a  possible  mechanism  of  contamination 
involving  ionisation  and  subsequent  electrostatic 
re-attraction;  are  there  any  laboratory  data 
suggesting  that  such  a  mechanism  may  indeed  take 
place? 

.D*  F.  Hall: 

The  theoretical  calculations  and  flight 
experience  which  form  the  bases  for  the  ML12 
experiment  are  discussed  in  References  1,  3,  5  and 
9  of  the  paper.  The  calculations  are  necessarily 
based  on  gross  simplifying  assumptions.  The  flight 
data  is  a  covrelation  between  the  thermal 
performance  degradation  of  a  USAF  veh^ole  and 
periods  favourable  to  spacecraft  charging* 

The  importance  of  the  electrostatic  re-attrac¬ 
tion  mechanism  depends  on  the  rate  and  species  of 
mass  released  from  a  vehicle,  the  photoionisation 
cross  section  of  these  molecules,  and  the 
dimensions  of  the  vehicle' s  plasma  sheath*  The 
latter  are  of  the  order  of  tens  to  hundreds  of 
metres  and  can  be  extremely  complex*  Meaningful 
laboratory  simulation  of  this  pvoceas  is  therefore 
not  practical. 


R.  Thomas  : 

Could  you  please  state  your  opinion  on  the 
long-term  accuracy  of  QCMs  in  space.  To  what 
extent  are  the  data  to  be  tnisted?  Do  other 
participants  agree? 

D*  F*  Hall: 

There  are  two  sources  of  error  that  X  am 
aware  of  for  QCMs  in  space*  One  is  the  QCM  pick-up 
mass  from  its  immediate  environment  either  on  the 
sensing  crystal  or  on  the  reference  crystal.  That 
could  be  misinterpreted  as  a  stuff  com^ng  ^n  from 
the  outside.  This  is  one  kind  of  error  one  has  to 


155 


DISCDSSION 


be  alevt  to.  The  other  kind  of  error  hao  to  do 
with  the  Qtability  of  the  eleatronui  oirouitry^ 
i.e,  whether  or  not  frequency  changes  are  due  to 
changes  in  voltages  etc.  I  also  believe  people 
have  looked  at  the  effects  of  radiation  by 
energetic  particles  on  crystals.  It  is  very 
important  in  any  flight  test  of  a  quartz  crystal 
microbalance  that  it  be  preceded  by  extensive 
ground  testing  so  that  one  becomes  well  acquainted 
with  the  characteristics  of  the  instrument.  If  the 
instrument  is  to  see  the  sunlight  then  it  is 
important  that  you  know  what  effect  that  will  have. 
Temperature  gradient  is  induced  in  the  exposed 
crystal  and  that  leads  to  a  frequency  change  of 
tens  of  hertz.  We  have  that  sun  effect  in  our 
sun-exposed  instrument  and  it  is  behaving  in  orbit 
very  closely  to  the  way  it  behaved  in  the 
laboratory  source  simulation  teat  that  we  did.  The 
getting^  of  foreign  material  on  the  crystals  from 
something  local  of  course  is  subject  to  the  design 
and  you  verify  that  you  are  clean  by  doing  the 
test  in  a  clean  vacuum  chamber.  We  believe  that 
our  instrument  is  clean  in  that  respect.  The 
stability  of  electronics  can  be  addressed  by 
varying  input  voltages  etc,  and  by  doing  a  long¬ 
term  test  to  see  how  well  the  frequency  is  held 
constant  with  time.  Our  instrument  had  variations 
to  the  order  of  2  or  2  Hz  per  week, 

R.  IhCRas  : 

I  think  it  WDuld  be  useful  if  other  people 
could  give  their  e3^)eriences,  but  vtet  I  was 
really  thin3djng  of  is  the  literature  statenents  on 
QQ'Is  f  Icwn  which  apparently  indicate  a  reduction 
of  contamination  fran  vdiat  theoretically  is  a 
clean  crystal,  Therefore  the  values  are  certainly 
suspect  to  ny  mind, 

D,  E,  Hall: 

Are  you  referring  to  QCMs  that  were  flown  on 
the  DSP  satellite? 

R,  Thonas  : 

Probably  so.  I  cannot  be  sure  which  one  it  is. 

'F,  Hall: 

That  is  the  only  one  1  am  aware  of  in  which  a 
reduciioK  occurred,  I  understand  that  it  was  a 
package  that  we  put  on  in  a  rather  rushed  fashion 
ofito  an  existing  VSAF  opemtionixt  spacecraft  and. 
that  in  fact  adequate  ground  testing  was  not 
conducted  ahead  of  time.  Among  various  hypotheses 
that  have  been  advanced^  there  is  mass  accumulation 
on  the  reference  crystal  which  has  the  same  effect 
as  mass  loss  on  the  sensing  crystal.  In  other 
flights^  mass  accumulation  has  been  recorded  (the 
first  flight  was^  I  believe^  OGO-6  in  early  1960). 
There  was  a  quartz  crystal  microbalance  on  ATS-6 
HASA  Goddard  experiment  that  had  a  mass  accumulation. 

All  those  experiments  gave^  I  thinks  reasonable 
results  as  contrasted  to  the  DSP  case. 

R.  Themas  : 

I  take  it  that  you  have  high  confidence  in 
your  results,  but  I  would  like  to  ^isk  if  other 
contributors  have  the  scune  opinion? 

M.  McCargo  ; 

Is  it  true  that  tJie  QCM  has  difficulty  in 
picking  up  globules  instead  of  film  deposits? 

Does  the  QQl  have  difficulty  picking  up  safe  when 
the  condensate  goes  into  a  globule  on  the  surface? 


D,  F.  Hall: 

The  way  that  the  QCM  works  is  that  the  crystal 
vibrates  mechanically  and  you  need  to  have  an 
inertial  coupling  of  the  material  that  is  sensed 
to  the  crystal  in  order  for  that  mass  to  make 
itself  felt.  Therefore  if  you  have  a  liquid  or  a 
particle  that  is  not  well  adhered  to  the  surface ^ 
you  may  get  either  a  diminished  effect  or  no 
effect  at  ally  so  the  crystal  is  certainly  most 
straightforward  for  solid  films  of  material.  You 
can  use  them  with  Liquids  but  only  when  you  have 
done  a  lot  of  calibration  work  with  the  particular 
liquid  that  you  are  using.  There  are  QCMs  m\ade 
with  special  adhesive  surfaces  for  the  purpose  of 
measuring  particulates.  The  QCMs  in  the  ML- 12 
experiment  are  not  of  that  type;  the  exposed  surface 
is  aluminium, 

Mr,  Beere  ; 

On  the  3M  black  paint,  you  stated  that  the  a 
value  decreased;  in  this  case  is  it  always  possible 
that  it  is  in  fact  the  emittance  which  is 
increasing? 

D,  F.  Hall: 

As  I  stated  in  my  talk,  what  is  actually 
measured  is  a  temperature  and  therefore  the  ratio, 

I  guess  that  it  is  possible  that  the  emittance  is 
increasing y  but  I  think  there  are  people  present 
who  are  much  more  qualified  than  I  to  address  that. 

So  may  I  refer  to  a  materials  expert  on  that, 

Pir  Bosma  ; 

It  is  a  fact  that  we  did  a  seven-year 
degradation  test  at  DERTS  Toulouse  for  geosynchronous 
orbit.  For  several  black  paints  —  anongst  others 
the  3J4  black  velvet  401  CIO,  Chemglaze  Z306  and 
Cuvertin  306  —  we  found  bleaching  effects.  The 
degradation  was  around  -0.10  to  -0.15,  Your 
degradation,  which  is  a  bit  high,  could  be  due 
also  to  flaking  or  something  else. 

Mr  Paillous  : 

I  must  confirm  that  -yhen  we  measured  tlio 
reflectance  of  samples,  it  was  in  situ  and  the 
sanples  were  not  in  the  middle  of  the  sphere,  but 
tangent  to  the  sphere.  This  means  that  if  our 
sanples  have  shown  a  variation  of  diffusion,  we 
can  have  recorded  something  that  is  not  a 
variation  of  absorptance  but  only  the  change  in 
specularities  of  the  sample. 

Mr  Greenberg  ; 

It  is  pretty  well  established  that  the 
synchronous  environment  is  significantly  damaging 
to  epoxy,  which  is  the  binder  material  in  the  3M 
velvet.  It  does  prorote  break-up  of  the  binders. 

It  is  certainly  not  unreasonable  to  imagine  damage 
at  the  pigment  binder  interface  which  could  result 
in  a  change  in  scattering  properties.  I  do  not 
think  it  is  unreasonable  to  expect  changes  like 
.02  and  .03  in  alpha. 

J),  F.  Hall: 

1  s  i  t  no  (’ll  so  i  nuc  t  ha  i  in  t  hi f  par*  t  ic  ula  r* 
painty  it  is  impoptanl.  that  the  application  be  done 
Just  right.?  Tih-rc  are  microsjdieres  of  glass  in  the 
paint  and  oiheu  (.he  s\a*ay  is  nut  done  f>roperly  then 
the  spheres  art*  not.  near  enrmgh  to  the  surface 
and  therefore  the  properties  may  be  lens  than 
optimum. 
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Mr  Greenberg  : 

Ihat  is  a  very  good  point,  tliat  the  surface 
is  epoxy  rich.  You  tend  to  create  damage  in  the 
epoxy  as  you  cone  into  the  eclipse,  you  may  see 
sli^t  spalling  and  your  data  seem  to  indicate  that 
you  are  beginning  to  c±>serve  damage  in  the  eclipse 
region.  That  is  a  possible  explanation. 

Mr  Beere  : 

As  a  user  of  tliermal'-control  coating  I  am 
particularly  interested  to  knew  v/hether  an 
inforrintion  flew  has  been  set  up  with  ESA,  and  if 
not,  could  this  be  done? 

]\  F.  li-tl:  ,  ^  ^ 

i  {iness  the  to  that  is  yes,  /If?  I 

meKticyied  it  m;  ttie  talk y  ite  plan  to  report  all  the 
analysis  data  that  we  oayi  'i-yi  the  open  iLtcraturey 
primarily,  1  puess,  ai  A.IAA  meetiyujs  and  in  the 
Journal  of  Spaeecraft  and  Rookcls,  but  J  am 
ee7*tainly  quite  afum.ous  to  share  infoY^mat Con  with 
Furopeane,  as  long  I  get  a learanoe  Jrom  the  Air 
Force* 

R.  f^DSs  (Ford  Aerospace)  : 

Did  you  consider  any  change  in  orbit  after 
ABM  firing  and  jettison  to  take  the  spacecraft  away 
from  the  contaminant  cloud  from  the  firing? 

P,  0*  FAwards: 

Ho  orbit  change  specifically  related  to 
avoidayice  of  ABM  plume  cloud  was  made  after  ABM-F, 
Hqwever,  a  (-20^)  longitude  drift  orbit  to  the 
fiyial  geo^station  was  made  over  a  period  of  two 
weeks* 

Note  also:  As  ABM  case  is  ejected  (at  1  m/s)  a 
few  seconds  after  completion  of  bum,  this  low- 
velocity  contarninant  aloud  does  y%ot  have  a  chance 
to  form  in  the  spacecraft  vicinity* 


J.A.  Hanekanp  (Pokker)  ; 

Fbr  Ifeteosat  a  *  superclean*  fairing  was 
obtained.  Questions: 

a)  did  the  fairing  have  acoustic  blankets  inside? 
'  b)  what  was  the  final  sxarf ace  cleanliness  of  the 

inner  side  of  the  fairing  (wrt  particulates)? 

P.  G.  Edwards: 

b)  to  maintain  class  ~  100,000  oond'it'ions  wtthtn 
the  fairing  -  a  particle  distribution  was  not 
specified  -  visual  inspection  requirement  only 

P.G,  Edwards  (ESA  Toulouse)  : 

1.  Do  you  have  the  particle  size  distribution 
for  the  second  stage  retro-rocket  particulate 
oontamlnation  flux  at  payload  level? 

2.  Have  calculations  been  performed  for  the 
VCM  oOTitamination  of  the  payload  by  upper  cone 
and  cylinder  of  fairing,  especially  with 
aoovistiC  blankets  fitted? 


M*  Desloire: 

1*  No 

2*  The  acoustic  blanket  is  not  fitted  on  the 
upper  cone. 

Me  have  not  performed  special  calculations  for 
the  acoustic  blanket  fitted  on  the  cylinder,  hut 
because  t  (time)  and  T  (Temperature)  are  the  ^ 
same  than  for  the  rear  cone  the  VCM  result  will 
be  nearly  the  same  (for  our  assuxnptions)  * 

Note  that  the  acoustic  insulation  is  optional* 


R.  rtoss  (Ford  Aerospace)  ; 

How  much  contamination  will  there  be  from 
the  payload  bay  in  relation  to  the  other  payload? 
Does  the  fact  that  the  bay  is  painted  with  a 
paint  having  5.5%  TML  vs.  your  assunption  of  1% 
TTiL^  1%  VCM  affect  your  analysis?  Hew  do  you 
justify  the  assurrption  that  cross  contamination 
fron  other  payloads  is  minor? 

d .  J.*.  P(naldc}ic : 

The  coitvihution  of  the  pay b load  bay  is 
included  in  the  base  line  data  jV-r  the  STS*  The 
paint  with  TML,  as  you  ifidicate,  may  increase 
these  haGeliyie  values  and  the  corresponding 
environment  for  the  payloads*  As  you  see  from  the 
plots,  the  payloads  induce  a  density  that  is 
order  of  mat/nitude  higher  than  that  now  given  for 
the  STS,  Regarding  cross  contamination,  the 
contamination  of  a  payload  will  he  dictated  by 
the  eond.iti<ms  produced  by  the  highest  source, 

A.  Zwaal  (ESIEC)  : 

When  o{:)Gning  the  payload  bay  doors,  the 
spacecraft  will  be  contaminated  with  a  VCM  of 

axr*  How  do  you  know  tl-iat  evaporation 

takes  place?  For  example  v^at  is  the  activation 
energy  or  vapour  pressure  of  the  contaminants? 

d.  d,  Scialdone : 

I  have  assumed  that  the  coyitaminant  may  he 
water  or  a  material  having  characteristics^ 
similar  to  the  DC— 705  silicone  oil.  The  s'llicone 
oil  has  been  taken  as  a  representative  of 
materials  with  a  very  low  vapour  pressure,  ie 
the  VCM  por*tion  of  the  material. 


Mr.  Tatry  (CNES)  : 

How  many  (^jproximately)  contaminant 
sources  (paints,  pottings,  engines,  vents...) 
have  been  taken  into  account  and  v^at  percentage 
(approximately)  of  these  sources  have  been 
investigated  ej^rlmentally? 

J,  J,  Scialone: 

The  sources  taken  into  account  for  the  STS 
are  listed  in  the  Martin- Marietta  document 
cited  among  my  references .  Kinetic  data  were 
available  for  many  of  them;  others  were 
estimated.  For  the  payloads,  the  outgassing  was 
esepexAmen tally  obtained  for  the  entire  space¬ 
craft.  Therefore  it  includes  all  the  sources. 

H.E.  Hintermann  : 

How  has  the  sticking  coefficient  been 
determined?  By  radio-active  tracer  techniques? 

To  what  extent  are  these  coefficients 
known  for  different  substrate /gaseous  species 
combinations? 


B,  Tatry: 

I  think  for  sticking  coefficients  we  just 
took  an  example,  but  we  have  not  done  experi¬ 
mental  work  in  this  field,  1  think  ESA  can 
answer  this  question  because  they  have  done  a 
lot  of  such  work, 

H.E.  Hintermann  ; 

I  would  like  to  knew  hew  it  is  done,  and 
v^at  has  been  done? 
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Mr.  Zwaal: 

I  knew  what  sticking  coefficient  means , 
but  it  is  extremely  difficult  to  measure;  we 
have  never  tried  because  it  is  so  ocxrpUcated. 
What  we  ireasure  is  the  amount  of  condensible 
products  and  from  this  one  can  never  obtain 
the  ri^t  sticking  coefficient,  because,  what 
you  measure  is  the  difference  between  v^at  has 
been  absorbed  and  what  has  been  left  by 
evaporation.  The  exact  sticking  coefficient 
is  difficult  to  determne. 


Mr.  Scialdone  ; 

The  effective  sticking  coefficient  is 
esteblished  with  a  quartz  crystal  microbalanoe , 
the  cxjndensor  of  which  is  either  at  very  lew 
or  another  chosen  desired  tenperature.  You 
must  first  knew  the  magnitude  of  the  source  of 
interest.  In  other  words,  the  sticking  (co¬ 
efficient  becomes  the  ratio  between  what  is 
condensed  and  the  total  incoming  flux.  The 
latter  is  measured  via  the  QCIl  or  an  instrument 
at  very  low  temperature,  a  tenperature  at  which 
you  condense  everything. One  must,  of  course, 
attenpt  to  correct  for  viewing  factors,  distance, 
etc. 


I4r.  Nutt  : 

Are  we  saying  that  the  sticking  co- 
efficn.ent  is  never  in  fact  really  measured, 
ie.  that  it  is  only  a  theoretical  coefficient? 

Mr.  Hall  : 

I  think  sticking  coefficients  can  be 
measured  especially  if  you  use  a  shuttered 
source  of  nateriad.  so  that  you  c^an  different¬ 
iate  between  what  evaporates  and  what  bounces. 

The  origin  of  this  distinction  is  that  some 
nolecules  hit  the  surface  and  have  a  virtual 
zero  resiefenoe  time  ^d  almost  bounce  within 
10"^  3s,  vhereas  oth^  may  reside  for  a  period 
of  tine,  a  residerxe^'^^^ums,  and  then  re-ev^r- 
ate.  When  you  use  .^l^hUttered  system,  so  that 
you  can  chop  the  f  ihki  you  can  by  locking  at  the 
transient  of  vhat  pomes  off  from  the  surface  or 
what  is  accumulate  on,  the  surface,  calculate 
the  sticking  coefficient,  but  that  is  a  very 
difficult  ejperim^t.^  probably  more  ■ 
sophisticated  thaiV^^i^ally  needed  for 
engineering  calcul4^<^fc^;  which  are  usually 
squired.  -Sv.?' ^ 

‘ifr.  Giori  ': 

Did  you  measure  the  kinetics  of  outgassing 
as  a  function  of  sanple  thickness? 

jJ..  Guitlin: 

ye  used  samples  2~4rm  thick  and  these  were 
the  first  results;  I  think  that  in  future  it 
will  be  necessary  to  study  the  influence  of 
thickness i  area  and  history  of  samples. 

rk  .  Giori  :  -  ^ 

It  seems  me  that  outgassing  is  a 
diffusion-cont^lled  process,  and  so  vhen  we  are 
concerned  with -kfetics  we  must  certainly  take 
the  total  sanple  area  per  unit  wsi^t  into 
acooxant  in  any  kinetic  scheme . 


Dr.  J.  Danphiy:  : 

In  fact  we  have  looked  a  Little  bit  at 
these  phenomena  and^  when  the  out<jassin(f  is 
coming  from  the  inside,  it  is  effectively  in  a 
diffusion-controlled  process.  In  pHnciple  you- 
can  apply  the  chemical  law,  ie.  the  rate  depends 
on  the  inverse  square  of  the  thickness  when  you 
are  working  with  o.  large  area /thickness  2*atto. 

Dr.  J.  Dauphin  : 

In  addition  to  some  results,  you  have 
shewn  two  possible  theoretical  laws  which  apr^ly. 
One  is  an  exponential  law  vhich  is  frequently 
used?  the  other  is  a  pov^r  law.  I  think  that 
there  are  probably  among  the  participants  some 
people  using  something  else  (eg.  Arte  Zwaal) . 

So  it  seems  tliat  there  are  a  lot  of  different 
laws  being  used  to  inb-^rfjret  those  data.  For 
cost  reasons,  wc^  can  obla.ln  the  oxjx'irlmontal 
data  only  for  ]Kuicxls  of  say  100  or  200  hours. 

For  those  people  using  tlie  Shuttle  tJxere  is  no 
problem,  because  they  can  calculate  directly 
what  they  will  get  during  a  7-day  mission,  but 
as  scx>n  as  you  speak  of  a  real  satellite,  ie. 
one  that  is  flying  for  several  years,  the 
extr^)olation  beexmes  totally  different  if  you 
take  one  law  or  another.  What  I  would  like  to 
ask  Mr.  Guillin  is  vhat  law  should  be  used,  and 
I  should  like  to  address  the  same  question  to 
the  floor. 

J.  Guillin: 

Je  suis  tout  a  fait  d^ accord  avec  vos 
remarques .  J^ai  fait  exactement  les  memes 
oenstatations  que  vous^d  savoir  qu^il  n*  y  a 
rien  de  piiblie  concemant  le  degazage  au-deld 
d*une  a.  deux  centaines  d^heures.  L*on  avance 
seulement  des  hypotheses  et  personne  ne  les  a 
verifiSes.  C*est  un  pari  a  fairs  je  pense. 

Je  n*ai  fait  aucune  consideration  theorique 
sur  les  equations  de  flux  pares  que  je  pense 
que  les  bases  theoriques  ne  sent- pas  actuellement 
itablies  et  j*ai  prefSre  m^en  tenir  d  deux  types 
de  lois  d^  flux  de  d^gazage  que  I* on  voit 
oourarmen'kjsur  des  essais  expe-fimentaux, 
notarment -'ta  loi  en  t^, 

Translation  Dr.  Dauphin  ; 

As  tap,, as  we  know,  there  exists  no  law 
that  has  a^ysical  basis,  so  we  recognise  that 
there  is  a  need  to  find  such  a  law.  Mr.  Guillin 
said  he  has  .used  vhat  he  has  found  in  the 
literature,  which  is  the  t^  or  the  exponen¬ 
tial  law.  Neither  of  these  laws  has  a  physical 
basis,  and  we,  are  still  waiting  for  something 
that  permits  a  safe  extrapolation. 

fir.  Zwaal  : 

I  have  seen  your  method.  This  works  c^nly 
for  a  total  mass  loss  in  order  of  a  few  %,  but 
how  do  you  intend  to  measure  lew  cx>ndensihle 
amounts,  say  in  the  order  of  0.01%  or  10"  %, 
because,  then  you  need  completely  different 
equipnent.  You  cannot  then  make  measurements  of 
the  condensible  amounts  with  your  equipment. 

I  think  we  are  nowadays  more  interested  in 
condensible  airounts  than  in  total  outgassing 
because  total  outgassing  is  a  matter  of  the^ 
first  hours,  (we  found  mainly  water  desorption, 
which  disappears  after  a  few  hours) .  You  make 
measurements  only  for  a  few  hours,  but  we  are 
interested  in  long-term  exposure  and  mainly  in 
VCM's. 
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fl,  Guil'Hn: 

I  have  not  measured  VCM^s^  except  when  using 
micro-VCM  equipment.  We  used  very  simple 
equipment j  and  we  do  not  use  the  QCM  for  this 
test,  I  think  that  it  is  interesting  to  know 
the  total  weight  loss  and  total  outgassing  if 
you  want  to  know  about  the  molecular  cloud 
around  the  satellite. 


Mr.  Zwaal  : 

With  present  micro-vai  equipinent,  you 
obtain  only  one  point  on  the  condensible  curve 
plus  the  origin.  Since  you  have  no  intermediate 
point,  you  cannot  extrapolate  the  curve.  If  yc^u 
would  mount  24  QCM*s  in  the  system,  you  would  get 
the  full  curve  , . .  And  it  would  be  good  for  the 
QQ1  manufacturers  f 


David  F.  Hall  (Aerospace  Corp)  : 

The  4th  paragraph  of  Jeffery  "&  Dlaag^  s  abstract 
in  the  Syitposium  Progranne  maJces  reference  to 
P78--2  (SCATHA)  spacecraft  results  conoeming 
contandnation  from  thrusters.  Data  from  the 
ML  12  Contaminatioi  Ej^rijnent  on  P78-2  rele- 
vant  to  thruster  cantamination  have  yet  to  be 
analysed  and  will  be  the  subject  of  future  pspers 
by  me.  So  far  as  I  know,  the  SCI  Ej^riment 
does  not  have  the  capability  to  detect  oontainin- 
ationj  a  discussion  of  this  point  with  Dr.  Harry 
Koons,  the  SCI  Principal  Investigator,  is 
suggested. 
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MATERIALS  REQUIRKMENTS  FOR  SPACELAB  AND  SPACKLAB  PAYLOADS 


J  E  Bennett  M  D  Judd 

ESA/ESTEC.  Noovdmjk,  The  Netherlands 


Ihe  paper  (to  be  presented  in  two  parts)  will  dis¬ 
cuss  the  various  requirements  applicable  to  the 
Spacelab  project  cind  will  concentrate  particularly 
on  those  requirements  vhich  are  new  to  Europe, 
'these  new  requirements  arise  because  Spacelab  is 
a  manned  reusable  vehicle  progranme  and  will  be 
used  in  conjunction  with  the  NASA  Orbiter.  Similar 
requirements  are  applicable  to  the  Spacelab  Ex¬ 
periments  and  to  other  Orbiter  cargoes,  the 
m^surement  of  these  various  mterial  paraneters 
will  be  briefly  discussed  and  illustrated. 

It  is  intended,  in  the  first  part  of  this  presen¬ 
tation,  to  shcvr  cuid  discuss  how  these  vairious 
requirements  are  applied  and  iirplemented  in 
practice  using  exaitples  from  the  Spacelab 
developnent  progranme. 

The  second  part  of  the  presentation  will  focus  on 
the  first  Spacelab  Expertental  Payload  and 
illustrate  how  the  approach  described  above  has  to 
be  adapted  to  incorporate  the  needs  and  con¬ 
straints  of  the  Experimenter. 


Part  I  by  J.E.  Bennett 

Por  the  benefit  of  those  of  you  vho  are  not 
familiar  with  Spacelab  I  would  like  to  start  with 
a  brief  description  of  the  system.  I  hope  from 
this  you  will  begin  to  see  the  conplexity  of  the 
hardware  and  therefore  appreciate  the  task  of 
ensuring  that  all  the  materials  meet  the 
requirements  to  be  shown  later. 

The  SL  systems  can  firstly  be  broken  down  into  the 
module  and  pallet.  The  pallet  is  a  passive 
structure  for  sipporting  astroncny  and  solar 
physics  experiments.  The  module  is  the  container 
for  a  habitable  environment  vhere  people  can  work 
in  a  "shirt  sleeve"  environment,  infact  a 
^  la>>oratory  with  all  the  facilities  that  you  would 
find  on  earth  except  gravity.  The  pallet  is  a 
"sjiiple"  framework  construction,  \^ile  the  module 
1-3  infact  two  cylinders  bolted  together  with  end- 
cones  fitted.  One  cylinder  of  the  module  is  called 
^  the  '.X)re  segm:':nt  and  contains  the  additional  sub¬ 
systems  necessary  for  maintaining  the  environnents , 
controlling  experiments  and  oollecting  and  trans- 
mitting  data.  These  sub-systems  being  electrical 
fx?wer  distribution  (EPOS) ,  command  and  data 
naiiagement  (CMOS) ,  and  environmental  control  (EXTS) . 
The  second  cylinder  is  the  experiment  segment 


v^ich  contains  the  necessary  racks  for  locating 
experiments,  for  oxanple  the  rraterials  science 
double  rack. 

This  so  called  modular  construction  allows  the 
hardware  to  be  flcwn  in  various  configurations 
depending  on  the  mission  requirements.  For 
exanple  you  could  fly  a  module  only,  a  long  mo¬ 
dule  plus  pallet,  a  short:  module  plus  two 
pallets,  or  up  to  five  pallets.  You  can 
obviously  change  these  configurations  depending 
on  the  precise  mission  requirements. 

Additional  hardware  included  in  the  prograirme  is 
a  high  quality  window  for  optical  experiments  and 
observations  from  within  the  module  and  an  air¬ 
lock  which  provides  access  to  space  environment 
for  experinrents  carried  out  within  the  module. 

For  the  pallet  only  mode  the  SL  electronics  and 
data  handling  equipments  are  mounted  in  a 
pressurised  container  (Igloo)  mounted  on  the 
forward  bulkhead  of  a  pallet.  The  instrument 
pointing  system  (IPS)  is  a  pallet  mounted  device 
v^ch  provides  precision  pointing  for  payloads 
that  require  greater  pointing  accuracy  and 
stability  than  can  be  provided  by  the  Orbiter 
alone . 

When  it  was  decided  to  design  and  build  SL  in 
Elarope  it  brought  with  it  requirements  which, 
from  a  materials  point  of  view,  were  new  to 
Europe^in  contractors.  This  is  because  SL  is  the 
first  manned  spacecraft  to  be  built  in  Europe. 

The  USA  had  accumulated  experience  on  the 
Mercury  GOTiini,  Apollo  and  Sky  lab  projects.  SL  is 
also  the  first  reusable  spacecraft  to  be  built  in 
Europe  and  only  the  second  in  the  world.  We  have 
defined  a  10  year  or  50  mission  life  requiremsnt, 
admittedly  with  the  possibility  of  maintenance. 
Hcwever,  because  of  cost  and  turn-round  time  this 
has  to  be  minimised. 

SL  was  the  first  Shuttle  payload  to  be  built  in 
Europe.  So  you  can  understand  that  this  project 
introduced  a  new  set  of  requirements  to  Europe 
which  had  to  be  understood  by  the  Agency  and 
Contractors  and  are  now  being  learnt  by 
experimenters . 

I  hope  this  introduction  has  given  you  some 
insight  into  the  conplexities  of  SL  and  why  it 
brought  with  it  new  requirements.  Before  going 
into  those  requirements  in  detail  I  would  just 
like  to  enphasise  the  size  of  the  project. 

Somebody  has  calculated  that  in  weight  SL  is 


i^roccctliiuis  of  an  ESA  Symposium  on  Spaarrajl  Manrials,  //<•/</  ai  ES  I  EC,  2-5  Oclohcr  197^)  ES  I  SE- 1  A5(l)ci  imihcr  1 979}. 


162 


JEBE-NNETT&  MDJUDD 


equivalent  to  the  previous  13  satellite  programs 
controlled  by  ESA. 

I  would  now  like  to  briefly  describe  just  what 
these  requirements  are. 

1)  Flammability  -  This  requirement  arises 
basically  fran  the  tragic  P^llo  I  fire.  For 
SL  the  requirement  is  that  material  shall  be 
non-flanmable  or  self-extinguishing  in  either 
21%  oxygen  (i.e.  normal  air)  which  is 
applicable  to  materials  outside  the  module  or 
23.8%  oxygen  for  materials  used  inside  the 
module.  The  normal  air  requirement  is  to  ensure 
that  there  is  no  danger  of  flame  propagation 
during  ground  operations  either  on  test  or  in 
the  Shuttle  payload  l>ay.  The  enriched  oxygen 
requirement  is  to  ensure  that  there  is  no 
danger  of  flame  propagation  under  orbit 
conditions.  Ho^^ver  if  a  flammable  material  has 
to  be  used  for  a  particular  application  then 
we  can  only  agree  its  use  if  it  is  roriote  fron 
an  ignition  source  or  if  it  is  isolated  so  that 
propagation  will  not  occur. 

2)  Offgassing  and  Odour  -  I  think  this  should  be 
called  toxicity  for  preference  to  avoid 
confusion  which  has  and  does  occur  with  out- 
gassing  which  is  a  different  requirement. 

This  requirement  has  been  covered  by  Dr.  Eckert 
in  the  first  paper  of  session  1.  It  is 
sufficient  here  to  state  that  we  have  m^ged 
to  meet  the  requirement,  of  total  organics 
<  100  ugrams/grm,  carbon  monoxide  <  25  vg/q  and 
odour  <  25,  either  by  changing  materials  or 
vhere  this  was  not  feasible  by  baking  the 
material  either  in  air  or  under  vacuum  to 
remove  toxic  molecules.  This  bake  then  has  to 
be  carried  out  by  the  contractor  on  the  actual 
SL  hardware. 

3)  Outgassing  -  The  SL  requirement  of  TML  1.0%  and 
VCM  0.1%  is  the  same  as  previous  ESA  and  NASA 
satellite  progranmes.  This  was  therefore  one  of 
the  easiest  requirements  to  get  the  contractors 
to  work  to  except  that  many  still  do  not 
realise  the  correlation  between  mix  ratio's, 
cure  schedules  and  the  outgassing  characteris¬ 
tics. 

Because  this  requirement  had  been  imposed 
previously  on  satellite  programmes  there  is 
plenty  of  information  available  both  from  NASA 
literature  and  ESTEC  test  results.  But  it  is 
worth'  jrioting  that  despite  all  the  previous  tes¬ 
ting  oh .materials  ESTEC  Materials  Section  have 
v.  cairried' ,dut  scmething  like  100  tests  for  SL, 

4)  Oxygen'  Coirpatibility  -  For  SL  this  is  of  roncem 
only  for  the  oxygen  control  system  which  is 
manufactured  in  the  US  by  Carleton  Control  and 
is  basically  similar  to  the  Orbiter  system.  Here 
there  is  extensive  test  information  available 

in  JSC  02681  on  oxygen  conpatibility. 

5)  Radiation  Resistance  -  This  is  not  too  much  of 
a  problem  for  SL  since  it  will  fly  only  at  an 
altitiiae  of  300  km.  and  remain  in  space  for 
ohly  s^^ven  days  at  a  time.  It  will  become  more 
ii^rtant  for  follow  on  development  projects 
which  will  fly  at  higher  altitudes  and  for 
longer  periods. 

6)  UV  Stability  -  This  is  lirportant  for  the  exter¬ 
nal  surfaces  of  the  pallet  and  the  outerlayer 
of  the  thermal  blanket  used  on  the  module  since 


these  form  the  passive  tliermal  control  system. 
Too  much  degradation  of  their  thermo-optical 
properties  could  lead  to  tarperature  control 
problems  inside  the  module,  thermal  control 
problems  for  the  experiments  and  indeed 
structure  stress  problems  due  to  too  high  a 
thermal  gradient. 

7)  Stress  Corrosion  Resistance  {Rather  iirportant 
for  a  reusable  spacecraft  wd.th  10  years  life)  - 
Again  this  requirement  has  grown  out  of  the 
NASA  experience  on  the  Apollo  and  Saturn 
project  where  considerable  time  and  money  had 
to  be  expended  in  redesigns  to  overcome  stress 
corrosion  cracking  problems.  The  reference 
document  used  for  SL  was  the  NASA  MSFC 
10M33107  Design  Criteria  for  Controlling  Stress 
Corrosion  Cracking  which  has  now  been  super- 
ceded  by  iyiSFC-SPEC-522A.  There  is  also  an  ESA 
document  (QRM-36)  under  preparation.  All  these 
documents  group  materials  into  high,  moderate 
/and  low  resistance  to  SCC.  This  rating  is  based 
on  laboratory  tests  and  in  service  usage. 

The  problems  have  been  to  define  European 
equivalents  to  the  US  listed  alloys,  and  to 
find  infonmtion  about  European  alloys  which 
would  allow  us  to  rate  them  in  a  similar  way 
to  the  NASA  document. 

Finally  it  has  been  difficult  to  get  contrac¬ 
tors  to  justify  the  use  of  materials  wrfiich  are 
not  highly  resistant.  The  design  case  is  mostly 
high  transient  loads  whereas  to  evaluate  an 
SCC  problem  what  is  needed  is  an  assessment  of 
the  Ig  load  including,  residual  stresses  from 
machining  and  heat  treatment,  assembly  stresses 
as  well  as  an  assessment  of  the  environment 
that  the  part  will  see  during  its  10  year  life. 
I  hope  the  above  will  become  clearer  in  the 
example  I  will  show  you  later  hcfwever  suffice 
to  say  that  scsne  of  the  camon  high  strength 
aluminium  alloys  have  a  SOC  threshold  of  less 
than  10%  of  yield  in  the  short  transverse 
direction  and  this  can  certainly  be  exceeded 
by  assembly  stresses  alone.  I  also  do  not 
want  you  to  think  that  the  Americans  have  the 
latest  information.  For  example  we  were  rather 
concerned  about  the  use  of  5083  for  part  of 
the  IPS.  The  contractor  did  sane  very  good 
testing  which  convinced  us  that  the  material 
was  acceptable.  This  was  subsequently  verified 
by  NASA  through  the  Alcoa  Research  Labs. 

8)  Galvanic  Corrosion  Resistance  -  Clearly  most 
important  for  a  spacecraft  which  is  both 
reusable  and  has  a  10  year  life.  It  is  iirpor¬ 
tant  in  both  structural  areas,  e.g.  the  bolts 
holding  the  two  cylinders  together,  and  in 
electrical  bonding  applications . 

9)  General  Corrosion  Resistance  -  Again  important 
for  a  spacecraft  wMch  is  toth  reusable  and 
has  a  10  year  life.  Most  of  the  high  strength 
aluminium  alloys  are  alloyed  V7ith  coiper  or 
zinc  and  therefore  have  somewhat  poor  inherent 
corrosion  resistance  and  require  additional 
protecting  in  the  form  of  anodising  and/or 
painting. 

10)  Radioactive  Materials  are  to  be  avoided  for 
safety  reasons.  However  low  energy  sources  may 
be  approved ,  for  example  as  sensors  provided 
they  are  properly  packaged. 

11)  Elastomeric  Materials  and  Potting  Compounds  - 
I  have  already  mentioned  the  10  year  or  50 
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mission  life  requirenent  and  this  is 
particularly  inportant  with  respect  to 
elastoneric  materials  and  potting  conpounds. 
mterials  vMch  do  not  retain  their  shape, 
adhesive  properties  or  electrical  properties 
Mist  be  avoided  since  they  will  cause  safety 
problems  due  to  structural  or  electrical 
failure  or,  as  a  minimum,  high  maintenance 
costs.  Here  you  also  have  to  remember  the 
tenperature  extreme  that  sane  of  the  materials 
are  e^^ected  to  survive  e.g.  -  I50x  to 
+  120  C  for  pallet  materials. 

The  non~metallic  materials  must  also  be 
moisti^  and  fungus  resistant  since  we  do  not 
w^t  fungus  growth  inside  SL.  This  would  give 
rise  to  obnoxious  smells  and  dangerous 
Particles  floating  about  in  zero  g. 

12)  Lubricants  -  This  is  obviously  an  important 
a^ct  f or  small  mechanism  and  moving  parts. 

It  mst  be  remembered  that  not  only  do  these 
mterials  have  to  lubricate  but  they  also  have 
to  ^t  the  equally  inportant  outgassing  and/ 

toxicity  criteria  depending  on  exactly 
^y  arB  used.  Ihey  also  have  to  perfom 
tenperature  extremes  required  e.g. 

~  150  C  to  +  120  C  for  pallet  mounted 
equipment  such  as  IPS. 

13)  Hy(togen  Embrittlement  ~  Attention  must  be 
paid  to  those  metals  Vvhich  might  be  suscepti¬ 
ble  to  this  form  of  embrittlement  or  to 
processes  vhich  can  give  rise  to  hydrogen  We 
have  already  lost  an  ESA  satellite  due  to  this 

,  phe^non  occuring  in  a  bolt  on  the  launcher, 
so  ^is  is  clearly  a  very  dangerous  form  of 
tailure  which  nust  be  controlled  during  the 
design  and  manufacturing  phases. 

14)  Shatterable  and  Flaking  Materials  -  ihe  use  of 
glass,  for  exanple,  is  rather  hazardous  since 
a  failure  will  lead  to  sharp  particles 
noating  in  the  atmosphere.  We  therefore  have 
to  te  sure  that  such  materials  are  enclosed 
such  that,  if  there  is  a  failure,  then  the 
l^rticles  are  retained.  Paints  can  also  form 

a  hazardous  source  of  r^articles  due  to  abrasion.' 
We  have  therefore  tried  to  both  minimise  the 
usage  and  to  ensure  that  adhesion  is  high. 

15)  Fluid  Cortpatibility  -  Materials  which  core 
into  contact  With  for  exaitple  the  water  and 

™  ^  exjoling  loops 

™st  be  conpattole  with  these  fluids.  If  ttey 
are  not  compatible  then  the  corrosion  product 
deai^adin^i-h^'^  filters  and  damage  pumps  thus 
lelu na  Ogling  performance  and  perhaps 

leading  to  a  safety  problem. 

16)  Restricted  and  Forbidden  Materials  :  - 


A)  leryllium  and  beryllium  alloys  ) 

3)  Titanium  in  contact  with  10  ) 

C)  Molybdenum  for  relays  ^  ) 

'illadium  in  resistors  ) 

E)  Ethylene  glycol  i 


Restricted 


A)  Zinc  and  Cadmium 
.  3)  Cadmium  plating 
C)  Mercury 

n)  PVC  j 

E)  Cert.ain  alloys  because  of  SOC  ) 

F )  Carcir’iogens  j 


) 

) 

)  Forbidden 


Now  a  few  exarrples  of  materials  applications 
on  SL  to  illustrate  how  some  of  these 
requirements  are  handled  in  practice. 

Flammability.  A  number  of  contractors  wanted 
to  use  conformal  coatings  for  PCB*s.  It  is 
unfortunate  that  most  coating  materials, 
except  Silicones,  are  flarrmable.  For  the 
electronic  boxes  associated  with  the  ECLS 
system  the  contract.or  wanted  to  use  Scotchcast 
since  tiioy  had  experience  of  this  system  with 
tneir  cemfx^nents  and  design  mles,  Tliis 
ratoria]  is  flcmmaide  in  23.8%  ox^^jen  oven 
T  ^  non-flcmnvablo  PCT3  substrate 

In  order  to  meet  the  requirement  the  con¬ 
tractor  overcoated  the  boards  with  a  Silicone 
resin  system  which  suppressed  the  flames.  Thev 
preferred  this  approach  rather  than  changing 
^  silicone  coating  because  as  I 
previous  projects 

mat  the  Scotchcast  was  ccmpatible  with  their 
design.  To  change  ccmpletely  would  have  meant 
re  evalu^ing  the  new  coating  system  in  terms 
of  .stren<^,  electrical  performance  and 
coT^tibility  with  corponents.  It  must  be 
•  ^hasised  however  that  the  thickness  of  the 
Scotchcast  is  critical  to  the  success  of  this 
approach.  A  thick  coating  would  require 

An  alternative  approach  was  taken 
with  the  Remote  Acquisition  Unit  (RAU) 
the  contractor  wanted  to  use  Solithane  113 
which  again  failed  the  requirement  with 
respect  to  flammability, 

^  the  RAU  is  constructed  fnari  a  series  of 
fraros  mounted  side  by  side  with  bolts  throuqh 
to  torn  a  Closed  box.  Each  fra;r<^  contains  t^ 
PCB  s  Itomiinntjon  of  t  he  txw  .shewto  that  it 
was  closed,  though  not  sealed,  and  thi,t  it  was 
°t^.togid  construction  sucli  fliat  it  would 
retain  any  burning  particles,  in  order  to 
prove  this  a  simulated  box  was  built  with 

PC3-S  and  an  ignitor  system  inside  the 
box.  Test^ results  showed  that  because  the  box 
jras  closed  ignition  was  virtually  prevented 
because  of  the  limited  amount  of  oxyqon 
available..  Henc<^  the  imterial  was  acceptable 
Without-  any  design  change. 

A  third  exai^lo  is  a  foam  rm tor ial  uscxl  as 
insulation  in  the  ECT^S  system,  in  order  to 
^ss-the  flammability  test  the  material  had  to 
be  fully  encpasulated  in  self-adhesive 
aluminium  foil,  ibis  encapsulation  being  enough 
to  prevent  ignition  and  anyway  keep  oxygen  ^ 
S  the  naterial  so  that  it  wouU  not 

'toxicity.  The  adhesive  used  to  bond  the 
insulating  foam  in  place,  in  tlie  na,.S  system 
has  prwed  scnxvhat  of  a  problem.  In  Ihc-'tosic 
'^■itorial  <}avo  very  high 
desriite  mcxll  Tying  the 

adhesive  by  making  it  in  a  rcxJuced  vis<-ositv 
tom,  i.e  without  filler  the  rosul l.s  wrxih/  ’ 

d?d  loved.  Neither 

^d  the  aliaminium  foil  (tncafxsulat  ion  or  bnkin<, 
n^e  any  difference,  wo  cxintinued  i:o  find 
high  total  organics.  The  c.-on tractor  ha.s  had  to 
rind  an  alternative  b(,indi.ng  method. 

Odour.  Tlio  thermal  blanket  which  is  usc'd  as 
f>i.ssive  Lhontal  c-ontrol  on  tlio  out. side  of  tlf 
^ulo  .l.s  al.so  rcKjulnxl  l:o  lx;  user]  irisidr-  the 

the  Modulo  environment  and  thf.Toforo  not  only 
does  It  have  to  meet  the  outgassing  requinmient 
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but  also  the  offgassing  (toxicity)  rec^uirenx-jnt. 
We  found  that  while  tlie  toxicity  was  acceptable, 
it  infact  failed  the  odour.  So  rather  than 
change  the  design  for  this  one  application  we 
decided  to  bake  the  material  until  an 
acceptable  figure  was  reached.  Fortunately  this 
proved  possible , 

Outgassing.  The  transformer  used  in  the 
electronic  box  of  the  gyro  unit  for  IPS  were 
purchased  from  a  st^uldard  product- line  and  had 
been  used  extensively  in  similcu:  aircraft 
systems.  Again  to  insist  on  a  change  of  tlie 
potting  nviterial  for  the  transformers  would 
have  inplied  changing  an  already  established 
and  reliable  design.  To  overcome  the  problem 
a  Siirple  vacuum  bake  was  introduced  and 
proved  to  be  satisfactory. 

UV  Stability.  The  paint  used  as  the  passive 
therml  control  on  the  pallet  has  proved 
somewhat  of  a  problem  in  tliis  respect.  Not 
that  it  deconposes  or  becomes  brittle  but  its 
thermo-optical  properties  do  degrade.  The 
ESTEC  Materials  Lab  have  done  extensive 
measurements  on  the  rate  of  degradation  and 
the  effect  of  Lenperature  on  this  degradation. 
We  are  therefore  able  to  define  the  anticipated 
life  of  the  paint  system  and  the  properties 
of  the  refurbished  paint  film.  The  exact 
number  of  missions  to  be  flown  between 
refurblshments  will  depend  on  the  exact 
missions  profiles. 

Stress  Corrosion  Resistance.  The  frame  for  the 
gyro  unit  of  IPS  was  found  to  be  manufactured 
from  the  British  alloy  BSL  65  vhich  is 
equivalent  to  2014  T651.  This  alloy  has  low 
resistance  to  SCC  the  threshold  being  in  the 
region  of  8%  of  yield  in  the  short  transverse 
direction. 

When  this  problem  was  found  the  contractor  had 
cdxeady  machined  the  FU  frames.  The 
contracTtor  *  s  previous  experience  on  aircraft 
had  been  that  this  material  was  required  be¬ 
cause  of  its  stability  and  their  ability  to 
macliine  it  to  close  tolerances.  A  stress 
calculation  showed  that  the  SOC  threshold  was 
approached  in  the  blind  taped  holes.  The 
following  actions  were  therefoire  agreed  to 
solve  the  problem.  The  entire  frame  was  shot 
peened  thus  inducing  a  corpressive  force  into 
the  surface,  the  corpressive  stress  could  be 
measured  to  be  sure  that  it  'neutralized*  the 
tensile  stresses  due  to  the  design  application. 
The  frame  was  then  treated  with  alodine,  a 
chromate  primer  and  a  polyurethane  top  coat  to 
.ensure  naximum  protection  against  general 
corrosion.  The  blind  taped  holes  were  sealed 
with  a  polysulphide  sealant.  Finally  the 
contractor  demonstrated,  by  test,  that  should 
a  failure  occur  in  the  frame  then  there  were 
no  subsequent  hazards  since  the  gyro  unit  would 
be  retained  in  the  cover  of  the  unit. 

On  the  other  hand  there  are  several  applica¬ 
tions  vhere,  because  of  the  criticality,  the 
material  has  had  to  be  changed.  For  exairple 
the  pins  vhich  hold  the  back-up  structure  for 
the  Orbiter  attachment  fitting  to  the  module. 
Secondly  the  closure  hooks  on  the  outer  hatch 
of  the  airlock  had  to  be  changed. 

Lubricants.  An  interesting  lubrication  problem 
is  the  cables  used  in  the  airlock  to  raise  and 
lower  the  ej^^eriment  table.  Since  these  cables 


are  exposed  to  both  the  module  and  space 
environment  the  lubricant  has  to  meet  the 
outgassing  and  toxicity  requirements.  After 
sane  searching  we  have  found  a  fluorosilicone 
lubricamt  which  meets  the  requirements  and 
appears  to  perform  satisfactorily  over  the 
required  temperature  range.  It  appears  also 
that  the  contractor  has  developed  a  suitable 
cleaning  procedure  to  remove  the  original 
lubricant  used  during  the  winding  of  the  cable 
and  a  technicpe  to  reimpregnate  with  the 
approved  lubricant. 

Hydrogen  BTbrittlerrent .  The  attachment  pins  or 
trunnions  of  the  Pallet  structure  are  manufac¬ 
tured  from  titanium  and  are  chromium  plated  to 
provide  a  wear  resistant  surface  of  known 
friction  coefficient  as  the  interface  with  the 
Orbiter.  Hydrogen  is  evolved  during  this 
plating  process  and  could  tlius  be  i:)sorbGd  into 
and  embrittle  the  titanium  with  disastrous 
results . 

Fortunately  the  contractor  has  been  able  to 
demonstrate  that  the  chemical  controls  and 
post  plating  baking  are  sufficient  to 
virtually  eliminate  this  problem.  This  demon¬ 
stration  took  the  form  of  hydrogen  analysis 
whidi  showed  approxiiTately  50  ppm  (material 
limit  125  ppm)  and  siiiple  bend  tests. 

Shatterable  and  Flaking  Materials.  The  Data 
Display  Unit  (DDU)  which  is  part  of  the  CDMS 
system  has  a  cathode  ray  display  tube.  So  to 
overcame  the  potential  ittplosion  problem  the 
contractor  has  effectively  constructed  a  foam 
filled  container  for  the  tube.  The  actual 
screen  is  encapsulated  by  bonding  a  layer  of 
polycarbonate  directly  to  the  glass. 

The  thermal  insulation  material  used  on  the 
freon  lines  of  the  active  thermal  control  is  a 
silicate  wool  material  which  sheds  particles 
and  fibres.  In  order  to  prevent  this  the 
exposed  surfaces  are  coated  with  a  silioone 
rubber  which  meets  the  outgassing  and 
flammability  requirements. 

Having  reviewed  these  examples  of  how  sane  of 
the  SL  materials  have  been  controlled  to  meet 
the  intent  of  the  programme  I  would  just  like 
to  touch  on  one  other  aspect. 

The  offgassing  and  odour  test  mentioned  above 
is  a  screening ; test  and  in  order  to  complete 
the  assessment  of  the  SL  atmosphere  with 
respect  to  toxicity  we  have  a  total  offgassing 
test.  In  effect  the  SL  module  is  treated  as  a 
black  box  v/ith  all  systems  powered  and  the  air 
temperature  at  maximum,  i.e.  28^C,  Samples  are 
then  extracted,  from  the  sealed  module  at 
regular  intervals  over  a  3  day  period.  These 
samples  are  analysed  to  determine  qualitatively 
what  is  present.  These  quantities  are  then 
compared  with  established  MAC  (Maximum 
Acceptable  Concentration) . 

I  hope  this  paper  has  given  you  some  insight 
into  the  materials  requirements  for  SL  and 
hence  for  SL  payloads  and  other  Shuttle  lauch 
projects.  I  hope  it  has  a3.so  indicated  the 
clear  need  for  more  co-ordination  at  the 
beginning. of  a  project,  even  during  the 
proposal  stage,  between  the  structural  engineer, 
the  safety  engineer  and  the  materials 
specialists. 
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Part  II  by  M.D,  Judd 

Ttie  First  Space  Payload  (FSLP)  is  a  multidisci¬ 
plinary  payload  consisting  of  a  wide  diversity  of 
experiments.  At  the  present  time  coistruction  is 
well  advanced  arid  in  many  cases  virtually  con- 
pleted.  In  this  second  part  of  this  presentation 
the  materials  control  as  applied  to  FSLP  will  be 
described  and  in  particular  attention  will  be 
focussed  on  any  differences  as  compared  to  that 
applied  to  Spacelab  Project.  It  must  be  stressed 
at  this  point  that  we  are  only  considering  FSLP 
here  and  the  European  part  of  the  Payload  at  that. 
Subsequent  progranmes  will  adopt  their  own  methods 
of  materials  control  although  the  general 
requirements,  with  respect  to  stress  corrosion, 
flanmability,  etc.  will  still  have  to  be  met. 

Materials  control  for  FSLP  comes  under  the  general 
area  of  Safety  with  overall  responsibility  Cor  the 
Eurc^jean  Payload  resting  with  ESA/SPICE.  The 
Payload  is  essentially  divided  into  three  parts 
with  Safety  Engineers  at  DFVLR,  CNES  and  ESTBC, 
each  covering  a  nunfcer  of  Experiments.  ESTEC 
Materials  Section,  however,  acts  as  a  central 
point  for  mterials  questions  and  provides  advice 
emd  assistance  on  request  for  all  the  Experimen¬ 
ters.  Ihis  advice  includes  review  of  materials 
lists,  provision  of  test  facilities  and  assistance 
with  the  general  day  to  day  problems. 

In  order  to  discuss  the  materials  control 
programme  it  is  first  necessary  to  look  in  some 
detail  as  to  vrfiat  actually  makes  up  the  Payload. 

At  cin  early  stage  in  the  discussions  on  hew  best 
to  utilise  Spacelab  it  became  clear  that  certain 
areas  of  scientific  research  created  the  most 
interest  for  the  Scientific  Comiunity;  areas  such 
as  Materials  Science,  Fluid  Physics,  etc..  Since 
in  many  cases  experiments  in  such  fields  of  study 
would  require  similar  facilities,  such  as  fmances, 
vacuum  supplies,  etc.,  it  soon  became  apparent 
that  a  certain  nuirber  of  facilities  would  be 
required  to  be  used  on  more  than  one  Spacelab 
mission.  These  facilities,  principally  the 
ftiterials  Science  Double  Rack  (MSDR) ,  the  Micro- 
wave  Remote  Sensing  Experiment  (MRSE) ,  the 
Metric  Camera  and  the  Space  Sled,  were  therefore 
incorporated  in  FSLP  although  once  constructed 
they  will  be  utilised  in  subsequent  Payloads, 

For  these  Facilities  therefore  one  is  considering 
a  reusable  system.  At  the  other  end  of  the 
spectrum  there  are  the  Experiments  that  will  use 
these  facilities  or  are  self  standing  in  their 
cwn  right.  These  Experiments  will  be  flcwn  on  the 
FSLP  only  with  no  plans  at  present  for  subsequent 
flights.  For  these  Experiments  therefore  one  is 
considering  equipment  with  a  short  lifetime.  As 
can  be  imagined  the  existence  of  such  a  range  of 
equipment  in  one  Payload  creates  certain  problems 
in  the  definition  of  a  materials  control 
programme  which  is  suitable  for  the  whole  Payload. 

So,  therefore,  wliat  form  of  materials  control  has 
been  imj: demented?  Essentially  SPICE  have  required 
tliat  each  Fj^rixsriuienler  provides  a  standard 
materials  list  as  per  ESA  specification  QRM-16, 
This  has  then  been  reviewed  by  ESTECC  Materials 
Section  against  available  data  (with  respect,  to 
stress  corrosion,  flanmability,  etc.)  and  re- 
cemmendations  for  acceptance/change,  etc.  done  as 
per  established  procedures.  In  general  this  has 
worked  well  and  especially  so  where  the  c6iq>anies 
involved  are  well  versed  in  Aerospace  work.  With 
the  smaller  experiments  or  with  laboratories  with 


little  or  no  aerospace  ej^rience  this  at  first 
sight  appeared  to  be  yet  another  piece  of  paper 
to  add  to  their  ever  increasing  collection. 
However  the  advantages  to  all  concerned  soon 
became  apparent  and  this  has  meant  that  for  FSLP 
we  have  a  detailed  listing  of  all  the  materials 
which  have  been  used. 

In  the  cases  where  materials  are  unknown  with 
resj)ect  to  tliolr  proi^ertios  of  f l^mmiability,  etc. 
alternatives  have  been  suggested  wherever  }x)ssi- 
ble.  Unfortunately  it  is  often  the  case  than  an 
Experimenter  requires  a  f^articular  material 
because  it  has  specific  property  wiiich  is  vital 
to  the  operation  of  this  Experiment,  and  thus  it 
is  inpossible  for  bim  to  change.  In  these  cases 
tlie  materials  have  been  testcKl,  eiUier  singly  or 
more  often  in  configuration,  Ln  order  to  evaluate 
any  hazards  involved.  TItIs  testing  has  been  done 
at  ESTBC  on  reediest.  If  the  results  of  such  tests 
indicate  a  potential  hazard  exists  this  is 
identified  to  NASA  by  SPICE  using  established 
procedures.  Luckily  very  few  cases  such  as  this 
have  arisen. 

The  biggest  problems  have  been  encountered  in  the 
area  of  coirmercial  equipment.  For  reasons  of  cost 
and  schedule  nany  E^xperimenters  wish  to  use 
oonmercial  "off  the  shelf"  equipment  such  as 
motors ,  cameras ,  ta^  recorders ,  etc . .  In  such 
cases  it  is,  in  general,  irrpossible  to  obtain 
detailed  listings  of  materials  for  evaluation 
and  it  is  thus  necessary  to  evaluate  the  unit  as 
an  entity  for  both  flanmability  and  offgassing. 

In  practice  flammability  is  evaluated  by  a 
visual  inspection  of  the  unit  concerned, 
normally  in  the  presence  of  the  Experimenter  or 
the  safety  Engineer.  As  a  result  of  this 
inspection  modifications  to  the  unit  may  be 
required  involving  the  inclusion  of  fire 
barriers,  replacement  of  plastic  outer  cases  by 
netallic  ones,  etc..  The  ultimate  in  flarrmability 
tests,  namely  the  destruction  or  attempted  des- 
struction  of  a  complete  unit  has  not  yet  had  to 
be  performed  although  the  Test  Engineer 
responsible  for  such  tests  lives  in  hope  I 

Such  a  visual  inspection  is  unfortunately  not 
possible  for  the  evaluation  of  the  extent  of 
offgassing  of  a  unit  and  this  must  be  determined 
by  testing.  An  earlier  paper  has  described  in 
detail  the  methods  used  for  the  measurement  of 
the  offgassing  of  materials  and  in  a  sense  the 
testing  required  for  these  ccmmercial  units  is 
an  extension  of  the  materials  tests.  There  are, 
however,  certain  fundamental  differences  and 
the  principal  one  concerns  the  need  to  test  the 
unit  in  operation. 

For  these  "off  the  shelf"  items  this  is  not  too 
much  of  a  problem  since  they  are  of  small  size 
and  can  be  accomodated  In  a  conventional  vacuum 
oven  (size  ca  150  litres).  In  addition  they  do 
not  require  any  forced  cooling  or  auxiliary 
ground  support  c*c}uipment  and  thus  only  a  snail 
amoun t  of  au  x  i  1  1  ary  i  ns  t .  rumc^n  ba Ion .  Atmospho re 
cinalyses  are  |)erformed  using  adsorfjtion  traps 
and  standard  analytical  procedures  giving  an 
absolute  detection  limit  for  organic  contaminants 
of  better  than  1  ng.m  A  standard  procedure 
has  been  written  for  the  performance  of  these 
tests  and  is  sinular  to  the  one  just  incorporated 
by  NASA  in  the  B  revision  of  Specification  I'M 
8060.1.  At  the  tine  of  writing  the  only  data  on 
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oonmeirclal  units  to  be  flcwn  as  part  of  the  FSLP 
has  been  dDtained  at  ESTSC.  It  should  be 
here  that  if  a  contaminant  is  identified  vymch  xs 
considered  as  being  of  questionable  toxicity  the 
possibility  exists  of  further  investigation 
through  an  external  contract  arranged  between 
SPICE  and  a  well  known  toxicity  testing  centre 
in  the  U.K.  . 

NASA/M^^’T’^  are  in  the  process  of ,  or  have  now 
written,  a  computer  program  for  the  prediction  of 
the  trace  contaminant  levels  at  certain  times 
during  Spacelab  Missions.  The  input  data  required 
for  this  program  is  essentially  three  fold. 

1)  Contaminants  generated  by  man  -  data  available 
from  NASA  based  on  previous  manned  space 
programmes. 

2)  Contaminants  generated  by  Spacelab  and  the 
Spacelab  subsystems  -  data  will  be  obtained 
by  the  total  offgassing  test  on  Spacelab 
Flight  Unit  (test  procedure  to  be  used  has 
been  qualified  as  a  result  of  the  successful 
test  performed  on  EMI,  May  1979). 

3)  Contaminants  generated  by  the  Payload  -  to  be 
obtained  by  total  offgassing  tests  of  the 
Payload. 

In  cases  where  the  Experiments  are  small  then  it 
is  possible  to  use  precisely  the  same  procedure 
as  described  for  coimiercial  equipment.  However, 
oonsi<ferable  problems  are  evident  when  one 
considers  the  facilities  such  as  SliED,  MSDR  or 
Metxic  Camera  v^iich  are  of  scmev^hat  large  size. 


This  question  of  size  meant  that  the  small  chamber 
in  the  Materials  Section  could  not  be  used. 
Fortunately  there  are  several  other  test  chambers 
of  suitable  dimensions  inside  ESTEC's  Test 
Division  as  well  as  others  outside  ESTEC  vhich 
could  probably  be  used  subject  to  cleanliness 
verifications  (VTC-A  of  Test  Division  has,  for 
instance,  been  shown  to  be  clean  enough  for  su^ 
tests).  The  biggest  problem,  however,  concerned 
the  need  to  test  the  Experiment  in  the  powered 
up  mode.  When  one  considers ,  in  the  case  of  the 
MSDR,  what  tliis  would  entail  (avlouics  cooling, 
fluid  cooling,  etc.)  tlien  it  is  immediately 
apparent  that  this  is  not  feasible  without  the 
construction  of  a  dedicated  test  chamber. 

A  ccatpromise  has  therefore  been  reached  whereby 
the  Experiments  will  not  be  powergd  but  that  the 
chamber  tenperature  will  be  ca  50  C  in  order  to 
simulate  the  existence  of  hot  spots  thrcughout 
the  equipment.  It  is  felt  that  this  test  will 
give  as  meaningful  assessment  of  the  trace 
contaminant  generation  rates  as  is  possible 
considering  the  inherent  variability  in  such 
offgassing  tests. 

In  conclusion  it  should  be  added  that  the 
materials  control  programms  as  described  has  been 
criticised  by  certain  people  with  respect  to 
costs  cind  coiplexity.  Perhaps  we  have  required 
too  much.  It  is  certainly  clear  that  the  whole 
question  must  be  reviewed  before  subsequent  pay- 
loads  are  defined  and  in  this  context  the  lessons 
learnt  on  FLSP  will  be  of  significant  help. 
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material  applications 
tor  the  ^  contribution  to  the  ST  with  other  re¬ 
marks  made  for  ISPM  arta  GBOS.  ihese  projects 
cover  a  wide  range  of  missions  and  payloads.  No 
account  is  taken  of  manned  spacecraft,  but  sane  of 
the  ^iranents  of  Shuttle  as  a  launcher  are 
mentioned, 

Mat^als  selecUon  for  the  POC,  which  is  HSA’s 
contribution  to  the  ST,  has  to  take  into  account 
a  very  low  ^ssion  of  condensible  contaminants. 
1»  prod^tion  of  particles,  high  mechanical  stab¬ 
ility,  wide  tanjerature  ranges,  flaitmability,  and 
erosion  cracking  susc^tibility  control. 
To  minimise  the  anission  of  VOI  the  standard  WL 
and  VCM  test  has  been  r^laced  by  conUnuous 
measuranent  of  VCM  dqxjsition  on  a  QCM.  ibe  data 
are  extrapolated  to  cbtain  an  estimate  of  the 
orbital  VC3^1  deposit. 

Materials  chosen  for  ISPM  will  e>5)erience  both 
swere  thermal  extranes  and  high  levels  of  radia¬ 
tion.  The  spacecraft  also  carries  a  sensitive 
ma^toneter  which  will  govern  the  selection  of 
materials  near  the  sensor. 


1.  FOC  MATERIALS  SELECTION 

1 . 1  Introduction 

I  propose  to  connence  by  describing  the  European 
p^t  of  NASA's  Space  Telescope.  As  you  may  know 
is  a  2.4m  diameter  Ritchi^ChreUen  telescope 
launched  by  the  Shuttle  at  the  end 
of  1983  into  a  600  km  circular  orbit,  it  will 
support  five  scientific  instruments  of  vMch  the 
Faint  ODject  C^era  (POC)  is  one  (see  fig.  i)  .  As 
its  title  mplies,  the  POC  is  designed  to  capture 
l:aint  Imges  indeed,  it  is  ho^  to  detect 
stars  of  magnitude  30  (corpare  this  with  TDIA's 
1972  ability  to  see  stars  of  magnitude  13) .  At 
tMs  level  of  sensitivity,  the  physical,  particulaj 
idenUty  of  light  and  photons  is  much  more  obvious 
and  in  fact  the  FOC  operates  by  counting  discrete 
photons.  Light  from  the  hypothetical  magnitude  30 
star  should  be  detected  at  an  average  rate  of  01 
1  i>of.:ons/seoond.  Photo  1,  showing  one  of  Jupiter's 
nvx)ns,  gives  some  idea  of  the  imaging  sensitivity 
of  the  FOC  in  earth  orbit. 


You  will  appreciate  that  at  such  lo^/  stgna]  levels, 
losses  due  to  cont^nination  of  the  optical  syston 
must  be  reduced  to  the  minimum  for  the  duration  of 
u  years  of  orbital  operation  before 

scheduled  maintenance.  The  majority  of  this  paper 


will  deal  with  the  selection  and  treatment  of 
materials  to  minimise  deposition  of  condensates 
in  the  optica]  surfaces. 

1.2  POC  Optics 

A  sl^lified  layout  of  the  FOC  is  shown  in  Fig.  2 
^ch  illustrates  the  position  of  one  of  the  two 
detectors  with  its  light  path.  The  main  mirrors 
^e  indicated,  as  is  the  filter  wheel  assembly 
which  can  introduce  narrow  band  filters  or  atten¬ 
uators  into  the  light  path  as  required.  Thus 
there  is  a  total  of  twelve  reflecting  or  trans¬ 
mitting  surfaces  involved  and  contamination  of 
only  5  ran  thickness  on  each  of  these  surfaces 
could  re<^ce  the  detected  light  to  only  1.3%  of 
that  incident  on  the  first  mirror  (Ref.  1). 

1.3  QRM-02  Tests 

How  can  satisfactory  performance  be  achieved  and 
maintained  for  a  period  of  3  years  on  the  ground 
5  years  in  orbit?  The  first  step  is  the 
classical  one  of  choosing  the  cleanest  materials 
available  subject  to  the  constraints  of  the  other 
design  requirements.  Experience  with  the  QRM-02T 
test  r^thod  which  yields  data  for  the  total  mass 
loss  (Tl^lL)  and  collected  volatile  condensible 
knitted  at-  125^  and  collected 
at  +25  C  in  a  test  of  24  hours  duration  gives  a 
ve^  good  indication  of  the  more  useful  materials, 
but  is  subject  to  the  criticisms  that  the  test  is 
not  really  representative  of  the  actual  operating 
TOnditions,  and  that  it  cannot  be  used  to  forecast 
long  term  contamination  levels.  Originally  the 
FOC  detector  faceplate  was  held  at  -5°C  during 
eperation  v^le  ttie  remainder  of  the  Optical 
Bench  Enclosure  (OBE)  was  held  at  +20^C.  Thus 
the  QRM-02  enitter  was  lOS^^C  hotter  and  the  coll¬ 
ector  30^  hotter  than  the  real  case  with  the 
danger  that  some  molecular  species  would  not  be 
collected  in  the  QRM-02  test  v^^le  others  would 
not  be  emitted  in  the  real  case. 

1.4  Double  QRM-02  Tests 

The  Use  of  a  double  QRM-02  test  that  is  a  repeat¬ 
ed  test  on  one  sample  of  materia]  was  considexed. 
While  this  could  give  an  indication  of  the  rate 
of  emission,  the  same  criticisms  re(7arding  thc^ 
reality  of  the  test  tenperatures  still  apply,  and 
the  (VCM  collected  in  the  second  test:  might  be  too 
small  to  measure  teliably  although  remaining  a 
contamination  liazard  to  the  JTic  v+uxe*  large  quan¬ 
tities  of  the  source  ntUorial  could  exist. 
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1 . 5  VBQC  Tests 

The  method  chosen  was  basically  that  described^in 
Ref.  2,  with  all  surfaces  normally  held  at^+50  C 
except  for  the  QCM»s  vhich  are  held  at  -25  C. 

These  tanperatures  still  exaggerate  the  emitter  and 
collector  tenperatures  vhich  now  are  identical  at 
+17^C  in  the  FOC,  but  this  exaggeration  is  necess¬ 
ary  if  any  significant  measurements  are  to  be 
obtained  in  the  period  of  up  to  Five  days  avail^le 
for  test  (N.B.  the  same  test  time  as  for  a  doiU)le 
C)RM“02^  test).  The  risk  that  some'  molecular  six^cies 
are  detected  in  the  test  hut  are  unlikely  to  affect 
the  FOC  is  regarded  as  both  small  and  reasonable. 
The  samples  used  can  be  large  and  in  serne  cases  can 
be  realistic  in  dimensions  and  shape.  This  p^- 
ticularly  applies  when  several  materials  are  in 
volved,  e.g.  a  carbon  fil^e  reinforced  plastic  tube 
centaining  potting  material  around  the  camera  tube 
with  its  drive  coils  impregnated  with  another  pott¬ 
ing  material  will  later  be  tested  as  a  whole  to 
verify  tl>e  material  decisions  made.  The  data  ob¬ 
tained  are  continuous  and  enable  prediction  of  the 
likely  contaminant  production  in  the  FOC  lifetime. 


1.6  VBQC  Test  Uncertainties 

Naturally  extrapolation  from  100  to  44,000  hours 
derands  a  faith  which  may  be  misplaced  and  is  cer¬ 
tainly  open  to  doubts  regarding 

a)  Contamination  released  by  the  test  chairher. 

b)  Saitple  mission  not  detected  by  the  QRM. 

c)  QCM  drift  errors.  ^ 

d)  Sanple  contamination,  e.g.  fron  plastic  bags, 
parting  agents  or  finger  prints. 


Similar  uncertainties  affect  most  other  test 
methods  available  for  material  selection  but,  mitil 
a  greater  body  of  experience  is  available,  3ustiri 
cation  of  this  method  will  rmain  uncertain.  Here 
the  eventual  return  of  the  FOC  for  refurbishment 
after  5  years  of  orbital  operation  will  represent 
a  useful  check  on  the  assumptions  and  measurements 
made  now.  Tto  those  still  bothered  by  the  extra¬ 
polation  alcane  it  must  be  said  that  data  are 
normally  measured  over  two  or  more  decades  of  hours 
and  extrapolations  are  only  for  another  two  and  a 
half  decades.  Thus  for  the  usual  equations  involv¬ 
ing  logarithmic  or  power  laws  the  extrapolation  may 
be  reasonable.  One  other  uncertainty  is  ^at  of 
re-mission  of  contaminants  after  original  deposi¬ 
tion  on  the  QCM  :  it  is  argued  that,  providing  the 
sticking  co-efficient  for  a  given  molecule  onto  ^e 
QOl  is  similar  to  that  for  an  optical  surface,  this 
leads  to  more  realistic  results  than  operating  a 
qCM  at  exaggeratedly  low  tmperatures  such  as  that 

of  1^2- 


1.7  VBQC  Results 

It  is  now  proposed  to  discuss  some  of  the  more 
important  test  results  and  their  interpretations 
but,  first,  it  is  here  proper  to  acknowledge  the 
vast  efforts  expanded  by  Arie  Zwaal  of  ESTBC’s 
Materials  Division  in  aid  of  the  FOC.  Sane  of  the 
data  has  occasioned  considerable  discussion  concern¬ 
ing  the  interpretations  but  it  is  stressed  that  the 
opinions  stated  here  are  the  author's.  The  most 
significant  problms  were  anticipated  as  being  the 
iotensifier  t\*ie  potUng,  the  magnet  material  and 
paint  likely  to  be  necessary  inside  the  OBE.  later 
it  was  found  that  the  carbon  fibre  reinforced  p3as 
tics  represented  a  greater  hazard  than  imagined 
frm  the  QRM-02  test  data.  These  cases  will  nov/  be 
examined  in  some  detail,  see  fig.  3  for  an  indica¬ 
tion  of  the  more  significant  contamination  sources. 


1.8  Intensifier  Tube  Potting 

The  first  stage  of  tlie  detector  (see  Fig.  4  for 
detector  layout)  uses  a  3  stage  image  intensifier 
tube  produced  bv  M  :  this  converts  incident 
photons  into  electrons  and  accelerates  the  latter 
with  voltages  totalling  40  KV  in  a  high  permanent 
magnetic  field.  The  electrons  are  converted  into 
pl^otons  and  then  back  to  electrons  by  means  of 
phosphors  and  photocathodes  formed  on  thin  mica 
plates  inside  the  evacuated  tubt^.  The  tube  is 
potted  inside  a  housing  and  the  potting  has  the 
follovTng  functions:- 

a)  Mechanical  support  with  a  high  degree  of 
stability  over  a  typical  exposure  period  of 
10  hours. 

b)  Critical  damping  during  launch  to  obviate 
damage  to  the  delicate  mica  plates  and  the 
junctions  between  the  electrodes  and  the  glass 
elements  of  the  tube. 

c)  Ability  to  withstand  40  KV  without  breakdown 
and  to  provide  a  very  small  leakage  path  to 
prevent  unwanted  accumulation  of  static  changes. 

d)  Since  the  potting  material  is  very  close  to  the 
detector  faceplate  a  very  high  degree  of  clean¬ 
liness  is  essential. 

e)  Opaqueness  to  reduce  optical  feedback  fron  tlie 
output  window  to  the  faceplate  (optical  gains 
of  100,000  are  involved). 

More  than  40  materials  were  evaluated  for  the  first 
three  parameters  by  EMI  and  of  these  four  have  been 
evaluated  for  cleanliness.  These  were  Araldite 
CY-208  and  Feldex  R3,  R6  and  R7,  tlie  latter  being 
EMI  proprietary  polyurethanes.  ESTEC  has  also 
verified  certain  mechanical  properties  over  the 
tenperature  range  +  60^C  for  the  Araldite  and  the 
Feldex  R6  (  —  R7) . 

The  VBQC  test  data  indicate  that  for  the  preferred 
Feldex  R7  material  as  much  as  120  mg  of  conder\s-^ 
ible  materials  may  be  emitted  in  5  years.  This  is 
certainly  an  overestimate  since  in  the  real  appli¬ 
cation  the  ratio  exposed  surface  area  :  material 
mass  is  small  whereas  in  the  samples  so  far  tested 
the  reverse  is  true.  An  initial  atteJipt  to  check 
the  assumed  diffusion  through  the  material  used  a 
13  cm  long  tube  of  Feldex  R7,  which  was  sealed 
at  one  end  with  a  plug  of  DC-93500  1  cm  thick,  see 
Fig.  5.  The  sairple  was  baked  for  24  hours  at  125  C 
in  vacuum  and  immediately  afterwards  16  sanples 
were  taken  frem  positions  along  the  length  of  the 
tube  and  then  tested  by  the  QRM-02  test  method. 

It  was  hoped  that  a  contamination  gradient  would 
be  observed  and  frai\  this  to  determine  the  effic¬ 
iency  of  the  DC-93500  plug  as  a  seal  to  reduce  the 
diffusion  through  the  Feldex.  So  far  the  results 
have  been  ambiguous  in  that  the  sanples  were  all 
too  clean  in  respect  of  VCM  production.  Thii^  Ccin 
be  interpreted  as:- 

a)  Diffusion  at  125°C  is  so  rapid  that  the 
efficiency  of  the  plug  cannot  be  determined, 
and  the  predicted  120  mg  is  valid,  or 

b)  the  material  is  very  much  cleaner  than  the 
sample  originally  tested  (tlie  latter  may  have 
been  contaminated  with  a  parting  agent  used  to 
cast  the  sample) . 

These  alternative  interpretations  care  being 
examined  in  other  ways  to  confirm  the  selection 
of  Feldex  R7  as  the  intensifier  potting. 
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^ • 9  Ihe  Magnet 

needs  a  high  permanent  magnet 
field  for  its  ciperation  and  this  is  provided  by  a 
rare  earth  epoxy  material  known  as  Hera.  Again 
0^02  data  showed  this  to  be  acceptable  but  the 
high  mass  and  high  surface  area  of  the  magnet 
might  lead  to  high  contaminant  production.  VBQC 
tests  were  performed  on  the  material  coated  with 
l^t^jox  which  was  assumed  to  act  as  a  diffusion 
^rier.  ihese  tests  showed  too  high  a  level  so 
it  was  then  preposed  to  vacuum  bake  the  material 
in  an  atterpt  to  accelerate  tlie  outgassing.  Tests 
on  snail  blocks  showed  no  measurable  effect  on  the 
m^getic  pretties  at  terrperatures  as  high  as 
100  C  providing  a  good  vacuum  was  maintained  when- 
ever  the  material  exceeded  45°C  (the  presence  of 
o^en  adversely  affects  the  field  strength  at 
higher  tenperatures  fcy  oxidation  of  the  rare 
ear^).  VBQC  tests  shewed  seme  improvement  but 
still  not  to  an  acceptable  level  and  it  was  then 
proposed  to  vacuum  bake  at  80*^0  and  then  coat  with 
a  rocm  temperature  curing  epoxy.  These  results 
were  in  fact  worse  still  and  the  present  solution 
is  to  use  this  epoxy  as  an  adhesive  for  aluminium 
foil  on  all  exposed  surfaces.  Vacuum  baking  of  a 
ull  scale  magnet  has  shewn  that  magnetic  proper¬ 
ties  are  adversely  affected,  hence  vacuum  baking 
longer  proposed.  The  most  recent 
VBQC  test  data  shows  a  much  more  acceptable  result, 
one  v^ich  can  only  be  ijtproved  by  switching  to"  a 
better  rocm  torperature  adhesive.  Figure  6  shows 
plots  of  the  predicted  data  for  the  various  config¬ 
urations  of  the  magnet  material.  This  figure 
incidentally  shows  the  benefit  to  be  gained  by 
space  oondiUoning  is  not  very  large  for  this 
material,  being  only  a  reducUon  of  25%  of  that 
otherwise  expected  in  5  years. 

1.10  Paint 

The  appropriate  surface  finish  to  be  applied  in  the 
OBE  received  a  lot  of  attenUon  as  the  area  con- 
cerned  approaches  11  m-^  and  paints  are  well-known 
to  be  unsatisfactory  when  tested  according  to  QRM- 
02.  Black  anodising,  other  black  inorganic  treat¬ 
ments  and  black  tef Ionisation  have  been  considered 
as  alternatives,  but  cannot  altogether  r^lace 
p>aint.  Table  1  shows  the  paints  considered  with 
test  data  where  applicable.  As  may  be  expected, 
space  cond.itioninq  at  high  temperatures  appears  the 
best  solution,  and  the  present  recormiendatj.on  is  to 
use  Chemglaze  Z-306  without  primer  with  a  postcure 
of  24  hours/1 OOOc/lO- 4  t.  Adhesion  tests  on 
Aluminium  foil.  Mumetal  and  Kapton  have  been  succ¬ 
essful  when  this  curing  schedule  is  followed,  it 
must  be  admitted  that,  for  the  cleaner  materials, 
the  predictions  are  less  certain  than  usual  for  the 
condensates  measured  were  so  small  that  it  is 
difficult  to  be  sure  they  came  from  the  sample  and 
not  the  chamber  walls. 

Tie  raw  data  often  indicated  a  reduction  in  the  de¬ 
posit  in  the  period  2  to  10  hours  after  start  of 
tho  test,  and  best  fit  curves  were  sometimes  power 
or  even  linear  laws.  The  data  presented  in  Table  1 
are  those  obtained  fron  a  forced  selection  of  a 
loqarii-iimic  law  which  normally  is  the  best  fit 
curve  for  paints  with  higher  deposits.  This  forc¬ 
ing  is  justified  if  one  recognises  that  a  linear 
law  mplies  material  degradation  which  is  less 
likely  to  occur  at  than  at  lOO^C  at  Oiich  tem¬ 
perature  a  logarithmic  curve  is  usually  the  best 
fit.  While  in  this  penitent  mood,  it  is  as  well  to 
point  out  that  only  one  sample  has  been  tested  at 
each  condition,,  that  the  7D/RT  cure  is  very  sensi¬ 
tive  to  the  environmental  condiUons,  and  that  batch 


to  batch  variations  between  paints  can  be  larger 
than  the  differences  predicted  here.  It  is  felt 
that  the  recorrmended  cure  stated  above  is  toler-’ 
able  for  the  FOC,  tot  that  much  more  work  needs 
to  be  done  for  similar  applications  for  future 
optical  spacecraft.  It  is  hoped  that  the  results 
of  work  on  paints  done  by  MarUn  Marietta  and  BASD 
for  other  ST  instruments  will  be  available  in  the 
next  four  months  to  supplement  the  work  reported 
here. 
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Table  2  shows  the  raw  data  obtained  for  Nextel 
401-C10  with  7D/RT  cure  :  column  3  shows  the  best 
fit  CVCM  curve  leading  to  a  prediction  in  5  years 
of  .045%  of  the  original  paint  mass  as  the  con¬ 
tamination  deposit  on  a  surface  at  -25°C.  The 
data  on  the  right-hand  side  gives  the  actual  and 
best  fit  data  for  the  TML..  Both  OJOA  and  TML  can 
be  expressed  in  %  mass/unit  time  tot  more  con¬ 
veniently  may  also  be  expressed'  as  derx^sit  mass/ 
<=fTiltter  area. 
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T.ll  EOT  Cable 

Selection  of  a  satisfactory  EOT  cable  and  its 
mination  is  difficult  when  it  is  to  handle  voltages 
as  high  as  40  KV.  Special  requirejnents  here  in 
elude  :  very  good  bonding  to  potting  matoials, 
teasonableflexibility  and,  of  course,  Iw  out- 
aassing  Ihe  choice  fell  between  two  itiaterials,  a 
Mqhi^nexible  silicone  ntober  and  a  Polyolefin/ 
polyvinylidene  fluoride  whi*  is  ^ry 

^ff  the  former  being  "dirty"  and  the  latter 
a^st  clLn.  However,  it  is  possible  to  li>Prove 
silicone  rubber  by  vacuum  e-g-  in  a  do* 

Qia+-02  test  the  CVCM  data  unprwed  -35^ 

.06%.  Fig.  7  shews  the  ^ta  o^toin^  in  a_’^ 
test  after  baking  a  sample  for  ®/i25^/10  T 
Ipadinci  to  a  5  year  prediction  of  .0011%.  Fig. 
da  Jfor  ^the  stif^r 

026%  if  not  space  conditioned  and  negligible 
vacuum  baked  at  SO^C  for  24  hours. 

1.12  Condensibles  Budget 
Table  3  shows  a  summation  of  the 

bution  from  the  major  sources  in  the  OBE  of  *e  FUt. 
The  target  value  was  8  mg  based  on  area 
^U^y  critical  surfaces  in  the  FOC  and  the 
assunption  that  a  deposit  equivalent  to  3  roono- 
my  be  acceptable  in  the  5  years  mission 
if  my  be  seen  thlt  this  target  is  not  met^th 
cLef  offenders  beirq  the  CF^  +,honey^, 
the  Hera,  Kapton  foil  heaters  and  paint.  The  first 
may  yet  be  i^roved  once  an  edge  seal^  s^le  is 
although  it  is  necessary  to  note  that  the 
^ling  cannot  be  hermetic  since  the  volume  must 
vent  It  is  simply  hoped  that  the  rate  of  out 
Sim  bfr^ced  by  an  order  of  mgnitode 

The  vSue  obtained  for  Hera  is  probably  pessimistic 
cHnrp  it  should  be  possible  to  reduce  the  propor- 

foil  in  the  real  case  cempared  with  *at  of  ^ 
sample.  Alternatively  the  use  of  a 
t^erature  curing  adhesive  may  solve 
^^data  for  the  Kapton  foil  is 
curve  fitting  to  the  data  obtained  in  the  test  at 
^  after  bakeout  at  80°C  is  much  too  stetp;  a 
JmSble  5  year  Pr«^i®tion  is  ^01%  giving  a 
budget  contribution  of  only  3  mg  .this  test  is 
be  repeated  to  verify  this  assvTmption.see  Fig.  9. 

CONDENSIBLES  BUDGET 


TABLE  3 


SOURCE 

iASS 

GM 

5  YR 
mGM 

CVCM 

S.C. 

mGM 

Balance 

mGM 

COMMENTS 

CF+Al  Honeycomb 

12,500 

37 

24 

13 

3a t a  from 
sample  with¬ 
out  edge 
scaling 

Hera  Magnet 
with  Al  foil 
sealing 

6,400 

16 

None 

16 

Chemglaze  Z-306 

No  primer 

8  M^ 

Max 

60 

54 

6 

Space  Cond. 
lOO°C/24  hrs 
min. 

HarncBB (Tef zel) 

7,000 

165 

*^16  5 

>v  1 

EHT  cables 
(Silicone  rubber) 

200 

- 

.16 

Space  Cond. 

12  5*^C/5D 

EHT  Cables  (PVF) 

300 

78 

i  ^78  \ 

1 

Actuators 

n  off] 

none 

.  5 

CE  Structure  1 

4,500 

7.2 

4.6 

2.4 

GF  Structure 

2,000 

4.5 

3.0 

1  .  5 

Feldex  R7 

1,600 

none 

see  text: 

Preamp  :  Stycast 
2651 

216 

4.1 

0.3 

4.1 

No  SC  prop. 

enclosed 

source 

Camera  Tube 
Potting (DC93500) 

Test  at  ass¬ 
embly  level 

Kapton  Foil 
Heaters 

1.8  M^ 

260 

- - 

SC  80°C/24H 

While  it  seons  possible  to  attain  the  budget^ 
contamination  level  it  is  less  clear  that  tMs 
will  not  h^ct  on  the  FOC  performance.  Data 
published  recently  (Ref.  3)  indicates  that  a  d^ 
Msit  of  plasticiser  equivalent  to  8  mg  on  the^ 
optical  surfaces  would  only  degrade  the  p^form- 
ance  at  225  nm  by  10%  or  so,  would  ^ 

acceptable,  this  differs  from  ref.  1  viiich  indi 
cates  three  times  worse  losses;  this  can  only  be 
confirmed  by  long  duraUon  testing^ in  vacuum  with 
a  detector  as  sensitive  as  the  FOC  s. 

1.13  Conclusions  for  FOC  Materials  Selecth3n 

These  few  cases  discussed  above  have  touchy  on 
one  factor  tliat  can  significantly  modify  the 
interpretation  of  the  test  data  :  tMs  ^®P®  ° 
form.  The  intensificr  pottim  has  large  bulk  but 
a  low  surface  area,  hence  contaminants  have  long 
diffusion  oaths;  the"  cigar 'test  was  one  attest  to 
simulate  the  real  application.  Paint  is  at  *e 
other  extreme  with  a  negligible  diffusion  na*  tat 
very  large  area.  The  CFRP  honeyconfo  conposite  is 
a  cOTblnation  of  these  extranes  since  at  least 
half  of  the  outgassing  products  must  follow  tor 
tuous  paths  through  the  honeycemb  cells ^d,  once 
S^lrtoient  press^e  has  reducal  to  10  these 
patiis  can  be  regarded  as  infinitely  long. 

The  chosen  solutions  to  these  potential  cont^na- 
tion  problems  have  been  as  varied  as  the  aopiica 
tions,  e.g.  after: 

a)  selecting  the  cleanest  mterial  available  ^d 
acceptable  fron  other  design  standpoints,  then 

b)  bal^eout  the  contaminants,  and/or 

c)  seal  the  ranaining  contaminants  in. 

At  svsten  level  a  co^itiinaUon  of 
fourth  solution  purging,  is  envisaged 
entry  into  vacuum  of  the  FOC  but  the  efficiency  of 
this  bakeout  is  uncertain  since  the  bakeout  tan- 
S^atSe^as  to  be  Itaited  to  only  45°C  Witn^s 
mirrors  will  be  used  to  record  the  total  oontam- 
ination  occurring  during  this  and  other  intmra- 
tion  and  tost  activities,  although  the  sensitivity 
of  measurement  is  too  low  to  confirm  the  correct¬ 
ness  of  tlio  materials  selection  criteria  given 
above.  Should  the  mirrors  indicate  a  problOT  *en 
reconsideration  of  the  possibility  of  inteoducing 
thermal  cleaning  of  opUcal  surfaces  would  be 
necessary . 


2.1 


ADVANCED  SPACECRAFT  CONCERNS 
STS  Payloads 


V?here  the  Shuttle  is  to  be  the  launcher  it  is 
necessary  to  satisfy  NASA  in  respect  of  its 
requirements  for  flammability  and  stress  corr^ion 
cracking  (SCC)  susceptibility  of  materials.  Most 
^opean  work  in  these  fields  has  been  in  sup^rt 
of  Spacelnb  where  the  presence  of  astronaut  sclen 
tists  ma]«)s  those  requirements  literally  vital. 
However,  for  payloads  like  the  FOC  which  is 
powered  in  the  presence  of  an  astronaut,  the  fla^ 
ability  requirements  should  not  be  so  onerous. 
Sese^  fcn-mal  applications  for  approval  of  ea* 
notentially  flammable  material  are  necess.^  but 
U  S  Uhosted  that  NASA  should  Identify  fr^  Uie 
proje^ct  nvitcrlal  usage  list  only  those  matoi 
regarded  as  hazardous  in  the  general  application 
arter  considering  the  environment  relevant  to  the 
humein  interface  with  the  equipment. 
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'■  Similarly  while  it  is  well  understood  that  metals 
i  ^  warm,  humid,  cjoastal  enviromiGnt  can 

quite  lew  loads  it  is  not  under¬ 
stood  why  see  control  must  be  rigourousJ.y  applied 
to  equipment  alw^s  maintained  in  a  clean,  low 
humidity,  atmosphere.  SCC  and  flamriability  control 
need  not  always  be  rigidly  enforced  and  must  not  if 
project  costs  are  to  be  kept  within  reasonable 
bounds. 


2.2  Magnetic  Properties 

Previous  spacecraft  such  as  BEDS,  HEIJOS  and  GEOS 
have  required  progressively  stricter  control  of 
magnetic  materials  and  ISPM  will  follow  this  trend 
It  is  m  unfortunate  fact  that  electronic  parts  use 
Kov^  in  significant  quantities  and  that  no  replace¬ 
ment  is  reasonably  possible,  hence  magnetemeter 
sensors  are  dooned  to  be  supported  ronotely  fron 
the  el^tronics,  and  thus  to  suffer  severe  thermal 
condiUons.  It  was  the  GEOS  experience  that  samnle 
measurement  of  the  magnetic  properties  of  the  elec¬ 
tronic  parts  was  largely  ineffectual  since  nc^ 
alternative  parts  were  availal^le  and  layouts  could 
not^^  clianged  when  the  magnetic  data  became 
available  :  liowevor,  the  integration  of  the  tlious- 
ands  of  individual  magnetic  fields  lends  to  Ix'  self 
cancelling  at  the  sensor  position. 


2,3  EMI 

Reduction  of  EMI  will  be  ever  more  inportant  on 
future  scientific  spacecraft  and  the  use  of  the 
outer  surface  of  the  spacecraft  as  a  conductive 
shield  will  become  more  usual,  at  least  for  geo¬ 
stationary  spacecraft.  In  this  respect  neither 
I  or  II  has  suffered  interference  associated 
with  high  voltage  surface  discharges  thought  to  be 
responsible  for  seme  Meteosat  "events".  This  may 
be  due  to  the  care  with  which  the  outer  surface  was 
grounded.  Fig.  10  shows  part  of  the  solar  panel 
wi^  the  solar  cell  cover  glasses  with  an  outer 
Indium  Oxide  layer  grounded  via  welded  tabs  to 
copper  tracks  leading  to  the  "star  point".  EVen 
quite  small  areas  of  potential  insulation  were 
ground^  using  VDA  on  Kapton  foil  with  conductive 
cenents  leading  to  grounded  surfaces.  The  contact 
with  the  VDA  had  to  be  protected  with  an  overcoat 
of  epoxv  to  prevent  corrosion  and,  perhaps  with  an 
excess  of  zeal,  these  epoxy  blobs  were  finally 
^ted  witJ-i  a  conductive  black  paint  during  the 
last  6  weeks  before  launch. 


3 .  SUMMARY 


Thus  for  5?pac(?crnft  the  materials  yx^licy  like 
all  other  policies  should  be  tailored  and 
financed  according  to  its  needs. 
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The  title  of  tMs  was  "Materials  Policy  for 

Advcinced  Scientific  Spacecraft"  yet  most  of  tlie 
text  has  been  restricted  to  one  aspect  of  materials 
selection  of  one  part  of  one  advanced  spacecraft. 

No  apology  is  made  for  this  restriction  and  it  is 
ailmitted  tfiat  the  recemmended  materials  policy  for 
any  spacecraft  should  be  summarised  by  the  latin 
words  ’'u(J  hoc'\  In  effect  if  the  scientific 
raiuiremc'nts  donand  special  attention  for  one 
-insect,  then  fulfil  that  demand,  but  avoid  piling 
ujuiecessary  constraints  on  the  designer.  Thus,  for 
the  FOC,  the  most  important  materials  selection 
test  seems  to  be  the  production  of  Va\^  as  knitted 
at  50  C  and  collected  at  -25^C.  For  IRAS  and  the 
Space  Telescxjpe's  Wide  Field  Camera  the  collector 
taiperatures  must  be  reduced  since  the  critical 
sui-faces  are  much  lower  so  that  water  will  be  a 
significant  contaminant.  The  use  of  thermal 
cleaning  will  be  essential  for  these  applications 
if  not  for  the  Fa:. 
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Photo  1.  Picture  of  Ganymede ^  one  of  Jupiter  moons^  giving  an  idea 
of  the  imaging  sensitivity  of  the  FOC  in  earth  orbit. 
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ABSTRACT 

This  paper  Is  written  to  describe  the  Materials  Policy 
as  used  on  an  experimental  communications  satellite 
OTS  (ORBITAL  TEST  SATE  LUTE)  -  which  was 
designed  as  the  forerunner  of  a  series  of  European 
Communications  Satellites.  The  paper  explains  the 
methods  by  which  this  policy  was  implemented,  its 
problems  and  its  achievements. 

The  policy  followed  on  subsequent  communication 
satellites  is  discussed  and  also  developments  of 
techniques  which  are  likely  to  influence  future  materials 
and  process  policies  and  their  implementation. 

Keywords:  OTS  Materials  Policy,  Problems,  Results, 
ECS  Materials  Policy,  Outgassing  Study,  Future 
Materials  Policy. 


1.  INTRODUCTION 

OTS  (the  Orbital  Test  Satellite)  was  the  first  major 
communications  satellite  to  be  managed  and  produced  by 
BAe  (British  Aerospace).  It  is  a  3  axis  stabilised 
satellite  which  was  launched  into  geostationary  orbit  in 
May  1978  -  its  primary  use  is  as  a  test  satellite  for  the 
European  Post  Offices  (Eutelsat)  and  as  such  was 
planned  as  a  forerunner  of  a  series  of  European  Com¬ 
munications  Spacecraft  which  are  under  development  at 
present. 

1  ho  Materials  control  on  OTS  was  thus  extremely 
important  to  ensure  a  successful  mission  so  as  to  give 
confidence  to  Eutelsat  and  ESA  (our  customer)  that  we 
could  succeed  in  this  new  venture.  The  OTS  materials 
control  policy  used  was  specified  by  ESA  and  is  a 
derivative  of  the  policy  developed  in  the  USA  for  control 
of  spacecraft  materials. 


2.  MATERIALS  POLICY  ON  OTS 

The  aim  of  the  policy  was  to  ensure  that  materials 
used  on  OTS  wore  suitable  for  the  intended  life  in  a 
space  environment.  The  use  of  materials  in  space 
vacuum  conditions  and  the  effects  of  that  environment 
on  these  materials  is  unfamiliar  to  the  average  engineer 
so  that  there  is  a  need  for  education  of  this  aspect  of 
space  engineering.  In  simple  terms  there  are  two 
basic  effects  not  normally  e5q)erienced  on  Earth  - 
outgassing  and  extremes  of  temperatures. 

Outgassing  is  the  effect  of  vacuum  conditions  on 
materials  causing  them  to  outgas,  i.e.  gases  will 
disperse,  liquids  will  vaporise,  and  solids  will  release 
molecules  only  loosely  held  by  molecular  forces. 

The  effect  of  outgassing  is  to  produce  molecular  pro¬ 
ducts  which  can  be  harmful  to  sensitive  surfaces  (e.g. , 
optical  and  thermal  control  surfaces,  solar  cells  etc. ) 
if  they  adhere  on  these  surfaces.  To  combat  this  the 
amount  of  these  products  needs  to  be  limited  in  order  to 
control  their  harmful  effects.  To  do  this  an  accept/ 
reject  criteria  on  outgassing  is  necessary  and  all 
materials  need  to  be  tested  for  outgassing  in  a  vacuum 
environment  at  a  representative  standard  temperature. 
The  accept/reject  values  set  by  ESA  were  1%  on  Total 
Weight  Loss  and  0.1%  on  Volatile  Condensible  Materials 
irrespective  of  the  quantity  of  material. 

The  standard  temperature  chosen  for  these  testa 
(called  Micro  VCM  tests)  is  for  the  material  to  be  at 
1250c  and  the  receptor  (to  detect  outgassing  products) 
at  25OC.  The  test  is  run  at  10“^  torr  vacuum  for  24 
hours.  A  second  effect  of  space  conditions  is  that 
spacecraft  surfaces  can  become  very  cold  (due  to  the 
near  absolute  zero  temperatures)  or  very  hot  if  facing 
the  sun  -  the  lack  of  atmosphere  means  there  is  no 
convection  of  heat.  The  effect  of  extreme  temperatures 
on  spacecraft  is  to  prevent  the  sophisticated  electronic 
systems  from  working  correctly  and  of  course,  in  the 
extreme  cases  of  overheating,  being  about  failure  of 
organic  materials  Used.  Heat  will  of  course,  acceler¬ 
ate  the  rate  of  outgassing. 
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The  adverse  effects  of  temperature  can  be  overcome  by 
selection  and  use  of  thermal  control  systems,  techniques 
and  materials  -  e.g- ,  insulation  materials,  thermal 
blankets,  thermal  control  surfaces,  radiators,  active 
and  passive  thermal  control  systems,  heatpipes,  etc. 

The  foregoing  space  related  criteria  had  to  be  taken  into 
account  for  OTS  as  were  the  normal  (terrestial) 
engineering  criteria  such  as  prevention  of  corrosion, 
control  of  plating  and  proooas  methods,  jointing 
materials  and  prooossos  etc. ,  always  bearing  in  niliul 
any  poouliar  effects  which  might  aris<(  duo  to  tho  spaia? 
onvlronmont. 

Summarising  then,  the  criteria  used  in  approving 
materials  were  as  loUows:- 

Compatibility  with  Space  Environment 
Corrosion  preventatlon 
Jointing  materials  and  processes 
Process  controls 

Unique  effects  (e.g. ,  tin  whisker  growth) 

Safety  (e.g. ,  use  of  toxic  materials,  Beryllium) 

2.1  Implementing  the  Policy 

To  implement  this  policy,  the  Consortium  (consisting  of 
some  40  major  companies  arranged  in  levels  -  Prime 
Contractor,  Co-Contractors,  Sub- Contractors  and 
suppliers)  were  required  to  draw  up  Material  Lists. 

These  lists  had  to  specify  every  material  used  on  tho 
Satellite  and  were  divided  Into  several  categories  - 
adhesives,  tapes,  paints,  coatings  and  varnishes, 
glasses,  lubricants,  metals,  plastics  and  potting  com¬ 
pounds.  The  lists  had  to  give  the  type,  manufacture, 
brief  processing  details,  its  application,  location  and 
operating  environment  of  each  material. 

Sub- Contractors  lists  were  reviewed  by  Co-Contractors 
and  Incorporated  into  single  Co- Contractors  lists  which 
were  supplied  to  BAe  for  approval.  The  Co-Contractors 
materials  lists  were  reviewed  and  any  outstanding  points 
discussed  with  the  Co- Contractors.  When  all  materials 
were  approved  or  when  an  agreed  state  had  been  reached 
the  whole  Spacecraft  Materials  List  was  submitted  to 
ESA  for  review  and  approval. 

2.  2  Review  of  the  Materials  List 

In  order  to  approve  a  material  in  the  Materials  List, 
the  outgassing  data  was  checked  and  the  user  instructed 
to  provide  outgassing  samples  for  checking  if  necessary. 
In  addition  to  the  outgassing  check,  the  material  would 
be  checked  against  the  other  criteria,  processing, 
plating,  jointing  methods,  corrosion  preventatlon, 
thermal  finishes,  cleanliness  control,  safety  and  unique 
effects. 

The  whole  process  involved  dialogue  by  telex  or  tele¬ 
phone  between  Prime  Contractor,  Co- Contractors  and 
Sub-Contractors  with  matortalB  and/or  processes  being 
changed  to  meet  the  requirements.  In  tho  early  days  of 
the  project  the  discussions  took  the  form  of  regular 
meetings  to  which  all  the  Co-Contractors  (and  sometimes 
their  sub-contractors)  sent  materials  representatives. 


The  meetings  proved  very  useful  on  exchange  of  infor¬ 
mation  concerning  the  ESA  requirements,  common 
materials  problems,  and  passing  on  of  information  on 
new  materials. 

Review  of  the  Materials  List  was  a  long  and  tedious 
process.  Each  material  had  to  be  checked  using  the 
above  criteria. 

The  most  troublesome  area  was  outgassing.  Meeting 
the  1%  TWL  anti  0. 1%  VCM  rcqulroment  was  difficult 
In  many  Instnnees  -  In  some  cases  there  was  insuffi¬ 
cient  data  or  sometlmos  no  nlternnttve  materials. 

Where  ineul'ficient  data  was  available  on  a  material  and 
it*s  associated  process,  samples  had  to  be  sent  to  ESA 
for  testing. 

Generally  metals  (with  some  exceptions  -  e.g. ,  cadmium) 
have  a  very  low  outgassing  product  and  can  be  accepted 
for  space  use  without  testing.  However,  organic 
materials  generally  need  to  be  tested  -  the  frequency  of 
testing  is  dependent  on  the  amount  they  outgas  and  their 
batch  variability. 

For  instances,  if  a  material  had  an  outgassing  product 
of  say  0.  5%  TWL  and  0.  06%  VCM  and  showed  little 
batch  variability  then  only  occasional  testing  would  be 
necessary.  On  the  other  hand,  paints,  foams,  some 
t3^es  of  adhesives  invariably  needed  batch  testing 
because  their  outgassing  values  can  be  close  to  the 
specification  limit,  batch  variability  is  known  to  occur 
and  slight  procoasmg  differences  can  have  a  marked 
effect  on  outgassing.  Many  of  the  early  materials  had 
to  be  rejected  for  a  host  of  reasons  (outgassing,  vacuum 
compatibility,  processing,  plating,  etc. ).  It  soon 
became  apparent  that  processing  could  have  a  marked 
effect  on  outgassing  and  material  properties  and  so  in 
several  instances,  manufacturers  had  to  change  their 
processes  to  obtain  acceptable  materials. 

2.3  Problems  Found  from  the  Materials  List 

1.  In  the  early  days  of  OTS  several  companies  were 
using  solders  containing  a  high  added  antimony 
level  (above  0.  2%).  This,  when  soldering  alloys 
containing  zinc,  can  lead  to  embrittlement  as  the 
zinc  -  antimony  alloy  causes  the  solder  to  become 
brittle.  This  was  rejected  with  the  result  that 
manufacturing  procedures  had  to  be  changed  and  a 
specific  supplier  arranged  to  provide  low  antimony 
solder.  Users  then  had  to  re-train  the  soldering 
operators  in  the  use  of  this  new  solder  -  this  did 
not  cause  the  problems  envisaged  as  low  antimony 
solders  have  better  wetting  properties. 

2.  Corrosion  protection  -  the  use  of  magnesium  boxes 
on  some  equipments  gave  rise  to  several  corrosion 
problems  -  in  particular,  achieving  the  correct 
thermal  finish  and  corrosion  protection  was  diffi¬ 
cult  especially  around  the  feet  of  the  boxes  where 
an  electrical  grounding  correction  between  the  feet 
and  tho  structure  was  nocossary.  In  such  cases  it 
was  often  necessary  to  use  a  bonding  strap  to 
achieve  the  required  electrical  grounding  as  the 
corrosion  protective  finish  was  Invariably  non¬ 
conduct  ive. 
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3.  Galvanic  couples  -  care  was  taken  to  ensure  contact 
was  not  made  between  metals  that  could  present  a 
galvanic  couple  which  could  lead  to  corrosion  during 
ground  storage.  Among  the  methods  used  was  the 
use  of  organic  and  oxide  films  interposed  between 
the  relevant  metals.  The  method  adopted  were 
completely  successful  -  no  galvanic  corrosion  prob¬ 
lems  arose  throughout  the  programme. 

4#  Outgassing  -  As  stated  several  problems  arose  in 
meeting  the  outgassing  requirements.  To  highlight 
one  of  the  problems  on  outgassing  the  following  is 
given  as  an  example.  RTV  560  was  listed  in  A 
Co-Contractors  Materials  List  for  use  on  the  solar 
array  panels. 

The  Qualification  Model  (QM)  panels  were  built 
before  the  Implications  of  this  high  outgassing 
material  were  realised  and  agreed.  The  concern 
was  that  besides  possible  contamination  of  the  solar 
cells  themselves  there  was  also  a  distinct  possibility 
of  contaminating  the  SSM^s  (Secondary  Surface 
Mirrors)  thus  upsetting  the  spacecraft  thermal 
control  system . 


During  manufacture,  these  cables  are  oiled  to 
facilitate  the  winding  and  twisting  together  of  the 
wires  and  indeed  oil  is  essential  for  use  of  these 
bowden  tyr)e  cables.  It  Is  estimated  that  these 
cables  contained  a  total  of  less  timn  one  gm  of  oil 
and  this  was  sufficient  to  cover  the  lower  half  of 
the  spacecraft  and  parts  of  the  vacuum  chamber. 

From  this  point  on  the  cables  were  cleaned  using  a 
process  that  was  specially  developed  to  remove  all 
traces  of  the  lubricant.  Removal  of  the  lubricant 
does  not  compromise  the  operation  of  the  cable  as 
it  is  a  *^one  shot”  device. 

3.  Failure  of  TWT  after  launch  -  some  months  after 
launch  one  of  the  6  Travelling  Wave  Tubes  failed. 

It  is  not  certain  why  this  happened  but  one  of  the 
possibilities  is  that  the  leakage  current  has 
increased  in  the  high  voltage  area.  The  possible 
cause  of  this  is  arcing  in  this  area  caused  by  out¬ 
gassing  or  voids  in  the  potting  surrounding  the  high 
voltage  terminals.  This  is  under  active  Investiga¬ 
tion  at  BAe. 


After  much  discussion  involving  manufacturing 
methods,  pot  life,  planning  schedules  and  their 
associated  extra  costs  the  adhesive  was  eventually 
changed  to  an  acceptable  one  with  lower  outgassing 
values  (RTV  566). 

2. 4  Other  Materials  Problems 

1.  Cleanliness  -  After  manufacture  of  the  QM  structure 
panels  and  some  Flight  Model  (FM)  structure  parts, 
oil  was  noticed  on  these  panels.  The  source  of  this 
oil  was  traced  to  a  leaky  head  on  the  milling  machine 
used  to  mill  out  the  panel  insert  holes.  This  caused 
a  major  problem  as  the  QM  Si>acecraft  was  to  be 
thermal  vacuum  tested  with  QM/FM  equipments.  A 
process  was  devised  to  remove  the  oil  but  no  one 
knew  for  sure  how  far  the  oil  had  seeped  into  the 
honeycomb. 

2.  Cleanliness  -  When  the  QM  Spacecraft  was  removed 
from  the  thermal  vjicuum  chamber  after  thermal 
vacuum  testing  the  lower  half  was  covered  in  a  thin 
layer  of  oil.  On  the  SSM's  this  layer  was  like  con- 
donsatlon  of  a  fine  mist.  First  thoughts  were  that 
the  oil  was  from  the  vacuum  chamber  roughing 
pump  oil.  When  this  was  discounted  by  checking 
the  spectral  characteristics  of  the  two  oils  the  other 
possibilities  were  considered  -  these  were  the  oil 
contaminated  panels,  vacuum  grease  used  to  lubri¬ 
cate  the  equipment  insert  threads,  ABM  nozzle  ther¬ 
mal  blanket,  oil  from  the  overhead  crane  used  to 
move  the  QM  Spacecraft  and  in  particular,  the  fired 
ABM  Safe  and  Arm  device  which  contained  large 
amounts  of  lubricant. 

When  checked  none  of  these  oils  and  greases 
matched  the  characteristics  of  the  contaminant. 

Only  after  extensive  detective  work  was  the  culprit 
found.  It  turned  out  to  be  the  release  cables  for  the 
solar  array  mechanism. 


3.  RESULTS  OF  MATERIALS  FOlilCY  ON  OTS 

Looking  back  over  OTS  now  at  the  halfway  point  of  its 
mission  it  has  been  demonstrated  to  be  a  successful 
satellite,  and  although  one  of  its  6  TWT's  has  failed, 
the  redundant  TWT  is  still  working.  Several  successful 
TV  link-ups  in  Europe  and  N.  Africa  have  been  made  by 
OTS  including  a  recent  teleconference  between  Geneva 
and  London.  More  recently  the  Pope*s  visit  to  Ireland 
has  been  transmitted  live  to  Britain  via  OTS.  As  to  the 
results  of  the  materials  policy  we  can  summarise  these 
as  follows; 

1.  No  detected  galvanic  corrosion  problems  have  been 
encountered. 

2.  Other  than  the  TWT  already  mentioned,  there  are 
no  detected  problems  due  to  outgassing  i.e.  no 
degradation  of  power,  thermal  control,  pointing 
accuracy,  etc. 

3.  There  is  a  much  greater  understanding  of  the 
materials  policy  and  requirements  throughout 
Europe. 

4.  There  is  a  far  better  understanding  of  the  effects 
of  space  environment  on  materials  and  processes, 

5.  There  is  now  a  great  amount  of  data  on  materials 
and  processes  -  this  coupled  with  the  problems 
faced  and  experience  gained  on  OTS  now  gives  a  lot 
of  confidence  In  the  use  of  materials  for  future 
space  projects. 

6.  A  great  deal  of  investigation  is  under  way  to 
understanding  what  went  wrong  with  the  TWT  that 
failed  to  avoid  a  recurrence  in  the  future. 
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It  is  also  worth  mentioning  how  important  the  success  of 
OTS  is  on  the  Communications  industry  in  Europe. 
Television  and  data  transmission  organisation  in  Europe 
are  using  its  services  more  and  more  and  as  it  estab¬ 
lishes  the  concept  of  a  reliable  data  link  the  demand  will 
grow  for  further  and  better  satellites  of  this  type. 

4.  ECS  POLICY 

The  current  ECS  policy  is  a  direct  follow-on  from  the 
OTS  policy.  It  is,  however,  much  easier  in  that  most 
companies  are  now  familiar  with  the  requirements 
having  had  experience  on  OTS. 

In  addition,  the  data  handling  has  been  reduced  in  that 
the  Co-contractors  materials  lists  are  now  only  com¬ 
piled  -  this  eases  the  task  at  Prime  Contractor  level 
but  consolidation  is  still  being  performed  at  Co- 
contractor  level.  A  great  amount  of  effort  is  still 
expended,  however,  in  reviewing  each  and  every 
material  for  its  application  in  space  -  batch  sample 
testing  (i.e. ,  Micro  VCM  testing)  of  particular  organic 
materials  is  still  needed  and  this  has  placed  consider¬ 
able  strain  on  the  facilities  we  use  at  ESTEC.  the 
pressure  is  growing  for  further  test  centres  in  Europe. 

From  OTS  ejq)erience  it  has  been  noted  how  important 
processing  of  materials  is.  This  has  led  to  the  require¬ 
ment  of  separate  processes  lists  for  review  and  approval 
at  Prime  and  Customer  level.  This  can  be  tricky  as  in 
many  cases  processes  are  confidential.  In  such  cases 
the  processes  may  sometimes  be  reviewed  on  site. 

Where  this  has  been  refused  to  the  Prime  Contractor, 
the  Customer  has  been  asked  to  do  this  delicate  task 
(with  the  undertaking  of  course  to  keep  the  knowledge 
gained  confidential)  and  advise  the  Prime  Contractor 
of  the  acceptlbllity  or  not  of  these  processes. 

4,1  Review  of  the  ECS  Policy 

With  this  increasing  knowledge  of  materials  and  their 
properties  in  space  comes  an  Increasing  curiosity  as  to 
how  the  original  criteria  were  generated  for  approval 
of  these  materials.  In  this  area  the  outgassing  require¬ 
ments  are  questioned  particularly  as  this  forms  the  major 
problem  in  approving  materials. 

As  a  step  in  this  direction  a  crude  analysis  has  been  done 
on  ECS  to  estimate  the  gross  outgassing  amounts  and 
effects  on  the  spacecraft.  This  shows  that  a  maximum 
of  0.70  kg  of  outgassing  product  (containing  0.08  kg  of 
VCM)  will  be  produced  within  the  satellite.  This 
represents  about  one  sixth  of  the  theoretically  allowable 
outgassing  if  we  were  to  assume  all  materials  in  the 
satellite  were  on  the  limit  of  the  outgassing  require¬ 
ments. 

As  the  satellite  is  sealed  in  a  VHF  kapton  layer  the  out¬ 
gassing  product  will  generally  find  its  way  out  through 
the  main  openings  in  this  layer,  1.  e. ,  the  battery  cool¬ 
ing  holes  and  the  ABM  cone  support  ring  where  there  is 
no  VHF  shield. 


4.2  Effects  of  Outgassing 

The  study  indicated  that  the  lightweight  molecules 
(water,  gases,  etc. )  would  generally  disappear  into 
space  -  they  would  only  remain  attached  to  very  cold 
surfaces  and  as  there  are  no  low  temperature  surfaces 
on  ECS/MARECS  this  is  not  thought  to  be  a  problem. 

The  heavier  outgassing  molecules  (called  VCM  as  these 
are  the  ones  that  tend  to  condense)  can  cause  problems 
because  if  they  impinge  on  sensitive  surfaces  and 
remain  on  these  surfaces  (due  to  surface  absorption  or 
condensation)  then  given  sufficient  time  these  molecules 
may  be  polymerised  by  solar  radiation  etc.  Once  this 
happens  they  will  not  leave  that  surface.  On  sensitive 
surfaces  this  layer  will  cause  performance  degradation 
of  that  surface. 

4.3  Minimising  Outgassing  Effects 

Sometimes  it  is  necessary  (for  all  sorts  of  reasons)  to 
use  materials  which  do  not  meet  the  outgassing  require¬ 
ments  of  1%  TWL  and  0. 1%  VCM.  This  can  be  reviewed 
favourably  if  the  TWL  requirement  is  just  out  of  speci¬ 
fication  as  this  represents  the  non-condensibles. 

However,  if  the  VCM  is  above  0. 1%  then  this  could 
present  a  problem  as  this  outgassing  product  is  the  one 
that  could  be  deposited  permanently  on  sensitive  surfaces. 

The  quantitites  of  these  products  is  important  and  that 
is  why  it  is  necessary  to  have  an  idea  of  the  spacecraft 
total  outgassing  product.  Not  only  is  the  quantity  impor¬ 
tant,  but  also  its  configuration  within  the  spacecraft  so 
that  it  Is  possible  to  assess  the  path  it  will  take  as  it 
outgasses.  Once  this  has  been  done  then  steps  can  be 
taken  to  alter  the  path  taken  to  minimise  the  effects  of 
the  outgassing. 

This  has  been  done  on  the  ECS/MARECS  structure 
where  a  fairly  high  VCM  foam  was  necessary  to  join 
honeycomb  sections  together.  Here  perforations  in  the 
edge  tape  were  left  out  at  the  areas  where  the  foam 
came  to  the  edge  of  the  panels.  By  making  the  out¬ 
gassing  path  much  more  difficult  through  the  honeycomb 
it  is  considered  that  the  harmful  VCM  products  will 
either  stay  within  the  honeycomb  or  leak  out  so  slowly 
as  to  make  their  effect  negligible. 

This  technique  will  also  be  applied  to  the  L-band  antenna 
on  MARECS.  The  thermal  blankets  on  the  rear  surface 
of  the  antenna  are  to  be  sealed  around  the  apertures  in 
the  antenna.  This  is  to  reduce  the  effect  of  outgassing 
from  the  antenna  on  the  Infra-Red  Earth  Sensors  which 
are  mounted  below  the  antenna  and  which  look  through  the 
apertures  in  the  antenna, 

5.  FUTURE  POLICY 

Having  had  5  years  experience  of  materials  control  on 
OTS  and  ECS  and  gained  an  appreciation  of  why  the 
materials  control  is  necessary,  companies  are  taking 
a  more  positive  interest  dn  controlling  materials  and 
processes. 
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There  is  a  wealth  of  data  available,  many  more  materials 
are  now  approved  for  space  use  and  steps  are  being 
taken  to  consolidate  this  in  some  form.  Computer  list¬ 
ings  come  to  mind  and  this  is  being  done  in  order  to 
reduce  the  clerical  effort  necessary  for  preparing 
materials  and  process  lists.  One  can  envisage  data 
links  between  customer,  Prime  Contractor  and  Co- 
Contractors  in  this  area. 

Control  of  processes  is  becoming  more  important  and 
approval  of  all  processes  is  now  being  implemented. 

This  can  lead  to  problems  of  confidentiallity,  particu¬ 
larly  in  small  specialist  companies  where  these  pro¬ 
cesses  represent  a  large  proportion  of  their  expertise 
and  investment.  The  criteria  for  selection  of  materials 
(particularly  outgassing)  is  unlikely  to  change  signifi- 
cantly  in  the  loreseoablo  future.  The  "blind”  Hcireonlng 
method  for  material  outgassing  (i.o. ,  the  micro  VCM 
test)  has  been  demonstrated  to  be  successful  on  many 
spacecraft  and  has  worldwide  acceptance.  It  forms  the 
cornerstone  for  material  selection  for  space  use. 
However,  because  it  is  a  blind  screening  method  and 
takes  no  account  of  the  amount  of  outgassing  material 
involved  it  can  be  overtly  restrictive  where  small 
amounts  of  material  are  used  and  possibly  too  lax  for 
very  large  amounts  of  outgassing  material. 

In  practise,  it  focuses  attention  on  small  amounts  of 
material  which  are  high  outgassers  and  not  on  large 
amounts  of  low  outgassers  -  even  if  the  low  outgassing 
from  large  amounts  of  material  may  far  exceed  the 
outgassing  from  the  small  amounts  of  high  outgassers. 
This  has  become  obvious  on  ECS  when  the  total  out¬ 
gassing  product  was  estimated. 

In  providing  a  total  outgassing  product  as  a  guide,  ones 
attention  is  not  focused  on  the  detail  and  thus  the  prob¬ 
lem  is  viewed  as  a  whole.  From  this  standpoint  the 
dynamic  characteristics  of  the  outgassing  product  can 
be  utilised  so  that  by  slight  modifications  to  spacecraft 
geometry,  these  products  are  directed  away  from  any 
sensitive  areas. 

Using  these  techniques  one  could  adopt  a  more  flexible 
attitude  to  small  amount  of  high  outgasses  -  i.  e. ,  relax 
the  1%  TWL  requirement  for  small  quantities  of  these 
products  always  bearing  in  mind  the  safeguards 
(including  material  integrity)  necessary  in  doing  this. 

The  safeguards  would  be  to  have  a  limit  on  the  total 
quantity  of  these  materials  per  subsystem  and  per  space¬ 
craft,  the  relaxation  would  be  only  on  TWL  and  not  VCM 
and  would  not  be  allowed  in  high  voltage  areas  (e.g, , 
TWT*s).  In  fact  it  would  appear  that  the  1%  TWL  is 
perhaps  too  lax  for  these  high  voltage  areas  and  needs 
to  be  tightened.  It  could  also  be  said  that  an  overall 
total  amount  of  outgassing  should  be  given  as  a  target 
as  it;  is  theoretically  possible  to  have  very  much  larger 
outgassing  levels  than  are  currently  being  predicted. 

More  data  is  also  needed  on  the  rates  of  outgassing  and 
the  effects  of  temperature  etc,  on  these  rates.  With 
this  and  an  understanding  of  dynamic  behaviour  of  the 
outgassing  products  within  a  given  configuration  the 
outgassing  problem  could  be  tackled  in  a  much  more 
scientific  way. 


Using  this  method  and  with  a  flexible  materials  policy 
the  materials  effort  would  be  e;q)ended  in  a  more 
valuable  and  constructive  way,  with  greater  under¬ 
standing  and  more  precise  knowledge  of  outgassing 
effects  to  the  benefit  of  all. 
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ABSTRACT 

An  associated  paper  describes  the  cleanliness 
control  programme  derived  for  the  Meteosat 
radiometer  manufacturing,  test  and  integration 
activities.  This  paper  deals  with  the  inflight 
behaviour  of  the  equipment  to  assess  the  degree 
of  success  of  the  control  programme. 

As  the  Meteosat  satellite  was  defined  for  appli¬ 
cation  functions  and  not  for  technological 
activities,  the  analysis  is  necessarily  derived 
from  observed  performance  rather  than  through 
direct  measurement. 

Particular  emphasis  is  made  on  the  radiometer 
cooler  as  this  is  the  most  sensitive  component  of 
the  system.  As  its  function  is  highly  dependent 
on  surface  properties,  it  is  almost  an  ideal 
indicator  of  contamination. 

Keywords:  Radiometer,  Infrared,  Contamination, 
Cleanliness,  Passive  Cooling. 


1 .  INTRODUCTION 

Follow-up  of  the  Meteosat 's  in-orbit  exhibition 
of  cleanliness/contamination  is  of  significance 
both.t^o  interpret  the  observed  performance  and  to 
evaluate  the  success  of  the  pre-flight  cleanliness 
control  programme. 

Our  anal:)^S,is  activities  have  essentially  been 
limited  the  optical  payload  as  this  was  judged 
to  be  the  critical  item  and  the  most  likely  area 
to  yield-  qua.rTtifiable  results. 

During  the  definition  of  the  radiometer  clean¬ 
liness  cbnt  Vol  plan  (sen'  Udwards  and  Marcoux)  our 
thinking 'was  dominatotl  i>y  two  qeinTal  f'lan.Hen  of 
j'lOtentia  1  probJ  eiiis  : 

-  O^'  t  i  surf  a  c  e  coiit  a  m  ii  i  a  ^  on  :  i  .  e  .  c  o  n  t  am  i  na  - 
tiort  of  the  luirfaces  of  mirrors,  lenses,  filter:; 
and  windows  nvsultiiuj  Ln  el‘iicic?ncy  icjnses  and 
possible  modi fi cations  to  spectral  responses. 

-  THe'J^o-optical  surface  contamination;  i  . e , 
contamination  of  surfaces  whose  optical 
properties  are  essential  to  the  thermal  control 
design.  This  is  particularly  limited  to  the 
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passive  cooling  system  used  to  provide  the  correct 
working  temperature  for  the  infrared  detectors. 


2,  GENERAL  ANALYTIC  APPROACH 

The  above  classes  of  problems  are  clearly  sepa¬ 
rated  in  effect  and  can  thus  be  independently 
observed.  Further,  a  physical  separation  and  thus 
isolation  of  the  Instrument  into  two  principle 
environmental  cavities,  the  telescope  cavity  and 
the  cooler  cavity,  considerably  reduc.es  the 
potential  sources  of  a  given  problem. 

Unfortunately,  it  was  not  possible  to  include 
dedicated  inflight  contamination  monitoring 
equipment,  hence  analysis  is  dependent  on  inter¬ 
pretation  of  available  data  in  the  telemetry  and 
image  data  streams .  The  task  has  been  considerably 
aided  by  the  development  of  an  operational 
programme  profile  which  permits  service  time-slots 
within  the  daily  planning  of  satellite  operations; 
a  philosophy  which  has  been  very  successfully 
exploited  thanks  to  the  enthusiasm  of  the  Meteosat 
Operation  Division  of  ESOC  and  the  patient  under¬ 
standing  of  the  Meteorological  Users  of  the 
system. 


3.  OPTICAL  SURFACE  CONTAMINATION 

3 . 1  Possible  optical  surface  contaminants 

Obviously  a  complete  list  of  all  possible 
contaminants  would  create  dull  reading  and  confuse 
the  practical  problem  of  post-launch  analysis. 
Fortunately  the  problem  can  be  reduced  to  a  short 
list  of  simple  molecular  bonds  with  resonant 
character  isti  or;  rxjrr  e-spond  i  ruj  lo  I  hr*  (jfjtical  wave¬ 
lengths  of  .  Examjiler.  of  i  hf'  c.pefd  rri  oi 

nucli  molecul.ir  or  sub -mo  leculn  r  lipfol*'".  ar;*  shown 
in  Fiejure  1.  ’rh<:r;(,‘  i  I  hnn  I  r  a  t.  i  on;.,  wore  (’ho;.en  to 
show  that  siitiilnr  contaminant;}  can  bf'  expected  In 
almost  any  saf,e)lit:f;  i.tuat,  i  on  and  ar».'  very 
ch.iracd  t.vr int  i  <  ■  of  r.amf)le  ineanuremf'nts  ma<Je  on 
Mf,deo;;at,  wMli  I  lie  vjddc.'d  excM.’ption  of  i  c<i  which 
only  exists  a;;  a  stable  depo.sj  t  at,  low  tempera¬ 
tures  (below  about  -  100°C  in  hard  vacuum) ,  see 
Figure  2. 


Proccedifufs  of  an  ESA  Symposium  on  Spacecraft  Materials: held  at  ESTEC.  2-5  October  1979  -  ESA  SP-145  {Difcemher  1979). 
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rature  of  the  cooler.  The  optical  cavity  was 
protected  by  an  ejectable  cover  for  most  of  its 
ground  life,  the  launch  phase  and  the  early 
orbit  phase. 

The  major  potential  contamination  sources  are 
Estimated  L  be  possible  micro-leakage  of  srlicon 

oil  from  the  scan  drive  assembly,  outgassing  or 
offgassing  from  the  internal  paint  and,  exclusi¬ 
vely  for  the  cold  optics,  water  vapour  contained 
in  or  entering  the  cooler  cavity. 


2500  V800  MOO  lOOO 

c.lDl^^^F  rONTAMINATiON  FROM  OAO  2 


Figure  1  -  Typical  molecular  spectra 
of  satellite  surface  contamination 


Figure  2  -  Optical  transmission  loss 
resulting  from  an  ice  deposit  of  97.8  ug/cm 


The  situation  o'  a  massive  contamination  build-up 
fs  not  aLitted  to  in  this  paper  as  it 
in  a  failure  analysis  rather  than  performance 
analysis. 

Fiaure  3  shows  the  general  arrangement  of  the 
Me?eoLt  radiometer.  This  relatively  complex  confr- 
quration  and  thus  differential  local  ambient  envi 
ronment  leads  to  differing  potential  contamina  i 
oroblems.  For  example,  the  primary  mirror  is 
exposerdirectly  to  the  local  general  spacecraft 


3  -  Schematic  of  the  Meteosat  radiometer 


3.2  Diagnostic  means 

Although  contamination  from  any  of  the  above 
sources  will  lead  to  loss  of  video  signal,  such 
a  loss  is  not  direct  proof  of  contamination,  as 
evidently  loss  of  electronics  gain  would  give  the 
same  first  impresssion.  However,  various  methods 
of  data  manipulation  and  measurement  configuration 
provide  means  of  differentiating  the  various 
phenomena.  The  methods  identified  utilise  the 
following  instrument  characteristics: 

-  Internal  electronic  redundancy  exists  allowing 
a  simple  identification  of  gain  loss  resulting 
from  a  component  or  sub-circuit  degradation, 

-  three  grossly  different  spectral  channels  are 
available  which  allows  a  low-resolution  spectral 
analysis  to  be  performed, 

-  an  internal  black-body  calibrat  ion  source,  which 
is  only  viewed  by  part  of  tl«’.  opHcal  chain, 
nermltr,  a  rough  localinatlon  bf  a  problem  and 
hence  a  useful  first-guess  of  the  likely  cauae, 

-  Meteosat  can  view  external  sources  of  widely 
different  temperatures:  the  sun,  moon,  earth 
targets  and  space,  which  permits  a  finer 
resolution,  differential  spectral  analysis  by 
using  the  known  detailed  spectral  sensitivity 
differences  between  the  redendant  thermal  IR 
channels  and  utilising  the  simple  spectral 
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differences  betwoen  the  sourcos. 

3.3  Analysis  results 

On  the  two  occasions,  to  date,  that  measurable, 
unforeseen  signal  reduction  has  been  experienced, 
both  during  the  winters  of  1977-78  and  1978-79 
which  is  of  significance  as  we  shall  see  below, 
the  above  diagnostic  techniques  rapidly  identified 
the  most  likely  cause  as  ice  deposition  on  the  cold 
optics.  On  the  first  occasion  this  diagnosis  was 
immediately  confirmed  by  heating  the  optical  ele¬ 
ments  above  the  ice  sublimation  point  and  thus 
restoring  the  signal  level.  By  the  time  of  the 
second  event  the  confidence  in  the  analysis  was 
sufficient  that  an  intervention  by  heating  was 
delay  by  four  months  to  schedule  it  around  other 
activities. 

An  interesting  point  to  note,  concerning  this 
particular  contamination  problem,  is  that  a  certain 
degree  of  contamination  by  ice  is  now  known  to  have 
been  present  in  pre-flight  thermal  vacuum  calibra¬ 
tion  testing.  While  the  level  was  not  a  major 
problem  for  Meteosat  it  certainly  could  be  for 
other  cryogenic  systems. 


4.  THERMO-OPTICAL  SURFACE  CONTAMINATION 

gg^ible  thermo-optical  surface  contamination 

Figure  4  shows  a  schematic  of  the  passive 
cooler  arrangement.  Cooling  is  achieved  by  a  com¬ 
bination  of  radiation  to  space  from  the  second 
stage  and  from  low  a  surfaces  on  the  first  stage 
e 

and  sun-shield.  The  view  to  space  of  the  second 
stage  is  defined  by  the  cooled  conical  reflector 
of  the  first  stage.  The  sun-shield  is  geometri¬ 
cally  configured  to  prevent  any  direct  or  reflected 
solar  energy  from  entering  the  system.  Thermal 
isolation  is  achieved  by  combinations  of  low  con¬ 
ductivity  mechanical  support,  low  radiative  cou¬ 
pling  and  a  multi-layer  blanket. 


Figure  4  -  Schematic  of  the  Meteosat 
Radiometer  cooler 


The  total  arraiitjoment  was  malntainod  as  a  closed 
cavity  for  most  of  its  pre-launch  1 j to ,  for  the 
launch  phase  and  for  two  weeks  after  orbit  acipii 
sition  by  an  ejectable  cover.  Thus  the  potential 
inflight  contamination  sources  are  limited  to 
self-contamination  or  to  contaminants  from  the 
outgassing  cloud  around  the  bottom  of  the 
satellite. 

The  major  concerns  during  development  of  the 
equipment  were  essentially  limited  to  self 
contamination  by  water  vapour  (ice)  and  polymer 
formation  on  the  sun-shield  during  pe^riods  of 
solar  illumination.  Ice  contamination  is  a  known 
problem  from  the  NASA  programmes  (Nimbus  and 
Landsat)  and  at  least  one  incident  of  polymer 
formation  has  been  suspected  (ERTS)  as  a  result 
of  solar  UV  radiation  interacting  with  a  simple 
molecular  contaminant - 

4 . 2  Diagnostic  means 

Only  three  telemetered  temperature  measure¬ 
ment  points  are  available  for  analysis  which 
make  precise  interpretation  difficult.  However, 
with  knowledge  of  design  details  and  performance 
modelling  a  satisfactory  analysis  has  been  made. 

The  diagnostic  technique  cannot  depend  on  moni¬ 
toring  the  temperature  evolution  with  time,  as 
this  is  subject  to  seasonal  fluctuations  of 
greater  magnitude  than  the  effects  of  low-level 
contamination.  However,  satisfactory  analysis  is 
possible  by  monitoring  the  relative  temperature 
evolution  between  the  principal  sub-assemblies. 
This  is  possible  from  the  theoretical  knowledge 
(confirmed  by  subsystem  tests)  that  the  second 
stage  temperature  is  predominantly  dictated  by 
the  first  stage  and  that  the  first  stage  is 
similarly  dependent  on  the  sun-shield  with  a 
secondary  contribution  from  the  radiometer 
equipment  plane,  assuming  nominal  surface 
properties . 


4.3  Analysis  results 

The  space  available  for  this  paper  only 
permits  us  to  present  a  very  brief  overview  of 
the  analysis  made  on  the  passive  cooler.  For  the 
reason  we  confine  ourselves  to  the  findings 
identified  as  surface  contamination  associated 
phenomena . 

In  normal  operations  the  cooler  second  stage 
(i.e.  detector  assembly)  is  actively  maintained 
at  90  K  to  avoid  detector  response  variations. 
However,  during  the  first  six  months  of  operation 
the  system  was  allowed  to  free -run.  Since  that: 
time  the  non-controlled  temperature  has  been 
extrapolated  from  knowledge  of  the  thf’rmostat 
reference  signal. 

Figure  5  shows  the  relative  evolution  of  the 
first  and  second  stage  temperatures  as  compared 
to  two  pre-flight  equipment  tests.  Detailed 
differences  are  the  result  of  eqtiipment  and  test 
configurations  and  need  not  to  concern  us  here. 
The  important  observations  are  that  the  inflight 
data  has  evolved  in  a  completely  consistent 
fashion  even  when  the  absolute  temperatures  have 
varied  by  many  degrees,  due  to  a  decontamination 
as  well  as  seasonal  fluctuations.  This  leads  to 
a  confident  conclusion  that  the  thermal  coupling 


184 


M  L  REYNOLDS  &  J  KIEFFER 


between  those  itoms  has  not  been  degraded  by  any 
measurable  contamination. 


Figure  5  -  Relative  temperature  evolution 
of  cooler  first  and  second  stages 

Figure  6  showing  similar  plots  for  the  relative 
evolution  of  the  first  stage  and  sun-shield,  a 
departure  from  nominal  performance  is  itnmediatoly 
evident.  Th^  evolution  is  indicated  by  the  small 
directional  arrows.  The  total  time  elapse  is 
approximately  the ' first  six  months  in  orbit  star¬ 
ting  in  early  December  1977.  A  very  rapid  initial 
contamination  is  evident  in  the  winter  which 
continued,  to  a  lesser  extent,  after  a  decontami¬ 
nation  in  late  January,  at  a  rate  which  decreases 
into  the  summer  period.  Similar  but  less  dramatic 
results  were  observed  in  the  following  year. 


Figure  6  -  Relative  temperature  evolution 
of  cooler  first  stage  and  sun-shield 


5.  CONCLUSIONS  OF  ANALYSIS 

Three  distinct  contamination  phenomena  have  been 
Identified  in  flight. 

-  Low  but  continuous  contamination  degrading  the 
exterior  thermal  coupling  of  the  cooler  first 
stage  to  its  surroundings 

-  similar  but  more  rapid  degradation  in  the  winter 
months  (approximately  mid-November  to  mid- 
December) 

-  a  contamination  of  the  cold  infrared  relay 
optics  also  in  the  winter  months. 

All  these  problems  are  believed  to  be  related  to 
condensation  of  water  vapour  and  all  are 
reversible. 

There  remains  the  problem  of  identification  of 
the  source  of  the  water  vapour  and  the  mechanism 
of  contamination. 

As  the  degree  of  re-contamination,  following  the 
thermal  decontamination,  has  decreased  with  time 
it  is  evident  Hint  the  source  is  finite.  This  has 
led  to  the  ajisumption  that  tlie  most  likely  source 
is  the  multilayer  blanket  (see  I'M.gure  3).  Further, 
as  there  exists  a  thermal  gradient  from  the  top 
(region  A)  to  the  bottom  (region  B)  with  an 
average  temperature  which  is  maximum  in  the  winter, 
it  is  hypothesised  that  the  problem  generating 
the  loss  of  first  stage  performance  is  simply 
off-gassing  from  end  A  (average  temperature 
greater  than  -  100°C  with  maximum  in  winter)  and 
re-condensation  to  ice  on  the  local  surfaces. 
Similarly,  the  loss  of  optical  transmission  is 
the  result  of  off-gassing  from  end  B,  during  the 
short  period  of  winter  when  this  region  is  above 
-  100°C,  and  subsequent  ice  formation  on  the  cold 
optics. 

Lack  of  sufficient  measurement  points  obviously 
limit  this  explanation  to  a  "best  guess". 

However,  absence  of  an  alternative  theory  lends 
support  to  this  idea. 


6.  GENERAL  CONCLUSIONS 

With  the  exception  of  the  water  vapour  problems 
it  appears  that  the  adopted  cleanliness  control 
programme  was  adequate  for  the  Meteosat  Programme. 
Obviously  we  cannot  confidently  state  that  it 
was  necessary.  However,  the  percentage  cost  in 
relation  to  the  total  programme  (roughly  1  %)  can, 
at  the  limit,  be  considered  as  reasonable  assu¬ 
rance  much  in  the  same  way  as  many  of  our  quality 
assurance  requirements. 

It  is  possibb?  that  the  water  vapour  problems 
could  be  avoided  by  design  change.  However,  this 
has  not  b(’en  recommended  for  the  following 
Meteosat (s)  as  the  operation  impact  has  not  been 
major  and  because  we  are  reasonably  confident  that 
an  extended  decontamination  during  the  commissio¬ 
ning  phase  will  minimise  the  problem  to  the  level 
of  insignificance. 


DISCUBSICN 


K.J.  Burton  (BftC)  : 

What  criteria  are  used  to  ensure  that 
carcinogens  are  excluded  frcm  use  in  Space]  ab? 
It  would  appear  that  almost  daily  the  medical 
profession  identifies  another  potential, 
carcino^n,  whidi  must  mske  the  task  very 
difficult. 


J,.  E»  Bennett: 

During^  the  design  and  manufacturing  phase 
we  are  trying  eliminate  known  carcinogen  hy 
reference  to  published  literature  eg.  Dangerous 
Properties  of  Industrial  Materials  -  Irving  Sax. 
This  is  clearly  supported  by  government  safety 
inspectorates. 

With  respect  to  the  final  spacecraft ^  there 
is  a  total  offgassing  test.  SL  will  be  powered 
up  and  operated  at  maximum  temperature.  Samples 
are  withdrawn  from  the  atmosphere  for  analysis. 
The  results  from  this  analysis  are  reviewed  by 
a  team  and  texicologist  at  ISC. 


W.L.  Lehn  (USAF)  : 

What  steps  are  taken  to  clean  the  outer 
3  cloth  layer  of  the  insulation  blanket?  You 
said  that  an  odour  problem  was  noted  but  cured 
by  heat  treatments.  -?^arently  this  volatile 
odour  was  removed  by  this  heating. 

I.  E.  Brftnett: 

The  contra<*tbr  using  the  material  dons 
not  take  any  part-icuiar  precautions  to  c1n<m  Ih' 
^-cloth;  rather  thenlhermal  blanket  is  mannfaa- 
tuved  in  (?  dean  enviroment  by  opi.a^ai^ors  ?ising 
protective  clothing. 

Any  sieze  or  similar  coating  is  removed 
during  the  manufacture^  probably  prior  to  the 
application  of  the  PTFE.  It  is  certainly 
specified  in  the  procurement  specification. 

W.H.  Lehn  : 

Can  Betacloth  be  cleaned? 

I.  E.  Bennett: 

Betacloth  can  be  cleaned  with  isopropyl- 
alcohol^  if  care  is  taken  to  avoid  too  much 
Wetting  by  using  cloths.  The  Betacloth  is  reldively 
leak-tight. 

J.  Bourrieau  (ONIi^^-CERT-DERrS)  : 

Have  you  made  studies  in  the  field  of 
radiation-induced  spurious  background  in  your 
detector  assembly? 

■V.  Thomas: 

YeSj  work  is  being  done  to  measure  the 
scintiliation  effects  produced  in  the  Mg  Fc)  face 
plate  during  nr  mat  ox'bita.l  operation  (operation 
in  the  South  Atlantic  Anomaly  is  expected  to  he 
impractical) , 


H.  Hintermann  (LSRH)  : 

What  cure  tlie  major  reasons  why,  instead  of 
black  paints  for  radiation  absorbance,  inorganic 
coatings  are  used  in  certain  instances,  such  as 
black  cjopper,  chranium  or  nickel? 

/?.  fhmw: 

^  Inorganie  coatings  are  used  hivar  cvid 
stainless  steels;  black  tefUmisat ion  for  mnimotal 
and  black  'velvet*  anodic  treatmcoit  f>r  aUoninium 
have  been  considered^  but  paint  seems  necessary 
for  Kapton  and  the  carbon- fibre  face  sheets  of  the 
Optical  Bench. 

Mr.  Greenberg  : 

I  WDuld  like  to  put  a  question  to  all  the 
authors  and  all  the  participants  here  who  have 
an  interest  in  contamination.  Because  I  feel 
we  have  been  a  little  bit  too  civilised,  I 
would  like  to  introduce  a  little  controversy  by 
first  making  a  comment  and  then  asking  a  ques¬ 
tion. 

IV  crjirment  is  that  I  feel  that  many  of  us 
have  been  hiding  very  securely  behind  the  vai- 
type  specification  for  materials  and  feeling 
rather  confident  that  we  can  meet  these  requite- 
ments.  However,  it  seems  to  ms  tliat  wo  have 
very  little  basis  for  using  vai  In  specifying 
and  qualifying  materials,  rather  for  using  this 
procedure  as  a  screening  test  since  each 
functional  system  is  going  to  behave  sonewhat 
differently. 

IV  question  to  all  is  : 

Vfliat  direction  should  we  take  in  Ihe  future  to 
make  more  quantitative  use  of  ouLciassing  data, 
what  sort  of  a  data  base  do  we  need  to  to  aJ::>le 
to  generate  this  kind  of  information,  and  whpt 
is  our  time  frame? 

Mr.  Dau^^in  : 

First,  I  must  say  that  you  have  dropped 
what  we  in  FranceCall  "le  pav§  dans  la  mare". 

I  think  this  also  goes  for  a  ccoment  made  by 
Mr.  Malloy  and  to  which  I  wanted  to  respond 
anyway.  I  agree  oonpletely  with  your  first 
cQiTiTEnt  that  the  liLcro-Vai  method  is  entirely 
arbitrary,  and  it  has  only  one  thing  in  its 
favour:  it  has  been  used  new  for  12  years  and 
we  have  accumulated  a  lot  of  data,  which  history 
has  proved  to  be  useful.  But  from  there  on  I 
have  always  dejected  to  people,  including 
John  Scialdone  here,  trying  to  make  calculationsi 
from  vai  data,  l-)ecause  we  do  not  know  enoucih 
about  the  real  kinetics  to  do  that  , 

Now,  what  is  tlie  situation? 

When  you  want,  to  rGal.ly  calculate  ihe  spacecraft 
oontamination ,  all  the  necessary  tcy‘)].s  exist 
at  the  present  tlnxi:  you  havr;  cf:>iTpu1  (.^r 
programs  to  nrx.lel  too  r>pacccraft  :  you  knc;w, 
approxj-nately,  l;he  law  of  propagat-ion  of  the 
molecules,  hrw  they  will  condense  etc.  T  do 
not  say  that  you  knew  th.is  with  hk^  /iccuracy, 
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but  you  know  enough  for  technological  purposes. 
Hie  only  limiting  factor,  I  tliink,  is  cMt. 

VCl  tGSt  has  a  bi  q  advantaqe  xn  Munt  .1 
costs  practically  nohliing,  and  this  is  a 
reason  why  I  think  it  will  sUll  be  use M  as 
a  screening  test  for  materials.  But  each  t^ 
you  will  encounter  a  difficult  problem,  as  for 
the  tfebeosat  radiometer,  the  Spaoe  Telescc^, 
etc.  and  you  will  be  forced  into  riJnnin^ther 
type  of  tests.  I  think  balance  tests,  QCM  etc. , 
are  the  only  ones  that  can  be  useful  at  such 
tines  and  which  permit  a  correct  analysis  ot 
the  situation.  The  level  of'  oonplexLty  of  the 
analyses  will  depend  aa  the  type  of  it^ 
oonoemed?  in  th^  case  of  the  Space  Telescope 
vhere  the  enclosure  is  almost  in  thermot^ainic 
equilibrium  you  can  have  something  rather 
^le;  when  you  have  a  satellite  whith  ^nings, 
with  different  oonpartments ,  ' 

etc.,  analysis  can  become  very  diffi^lt,  bu^ 
if  you  have  critical  itens  you  will  have  to  do 
this  type  of  test  to  pay  for  it. 


^tr.  Scialdone  :  ’  ,  .  _ _ _ 

T  should  like  to  add  something  here.  I  am 

oonpletely  in  favour  of  not  using 
of  the  cbvious  oon|Dlcx  influences  of  thidknc-'ofa 
and  surface  areas  etc. ,  but  what  Jack  is 
referring  to  is  that  I  sometimes  had  to  use 
that  information  in  so  far  that  there  was  no 
other  data  available,  vai  is  a  good  screening 
criterion,  but  that  is  all.  We  need  the  out 
gassing  as  funOU^  of  temperature  and  ti^; 
that  is  the  only  way  to  foresee  cont^na^on 
levels.  VCM  does  not  give  all  the  information, 

I  am  trying  to  get  people  to  gi^  at  _ 

energy  of  activation.  I  have  made  some  atteirpts 
to  derive  energy  of  activation  from  the  vai  and 

total  material  wei^t  loss. 


Mr.  Greenberg  :  ,  1..  ^ 

Precisely,  I  agree.  All  I  have  heard  atout 

here  has  been  vai  and  that  was  an  end;  nobot^ 
was  asking  for  more  and  that  was  the  fri^tening 
aspect  for  me. 


fir.  Dai#iin  :  ^  .  4.  1^4-. 

Nevertheless,  tests  cost  quite  a  lot. 
we  can  run  a  VQl  test  on  a  material  for  approx¬ 
imately  300  AU.  As  soon  as  we  start  a  bai^« 
test  on  a  jnaterial  we  assume  a  ten  times  hi^er 
oost. 


Mr.  ftoss  :  ,  , 

I  agree  with  your  statement,  but  we  have 

to  work  in  the  real  world,  and  the  p^amme 
itanagers  we  deal  with  are  99%  elertrical 
engineers  and  they  do  not  even  understand 
TOte^^l  problene.  I  have  found  after  sc^  years 
I  have  been  able  to  convince  them  that  there  are 
indeed  materials  and  materials  prcbl^  and 
outgassing  is  one  of  them  and  that  they  shoul 
be  willing  to  pay  for  some  material  tests. 
Sving  educated  them  *is  far,  I  intend  to 
tinue  educating  them,  and  we  all  ha^  ^ 

same,  recognising  that  there  are  other  useful 


tests.  Sorte  organisations  have  run  them  for 
years,  TRW  have  been  running  microba lance, 
weight-loss,  measuirements  for  years  as  a 
fxinction  of  tima  and  temperature;  they  have  run 
them  at  various  temperatures  for  up  to  256  hours 
and  they  can  plot  wei^t  losses  and  these  curves 
are  extremely  useful.  They  are  shewing  at  least 
initial  reaction  rates  and  that  is  all  ve^  nice, 
but  they  run  only  one  material  a  tine,  vtoch  is 
expensive.  Earlier  in  the  week  someboc^  talked 
about  spending  1%  of  the  entire  budget  for  a 
prograime  on  materials;  in  iny  cwn  company  we 
do  not  even  spend  that  much  on  materials  control, 
and  so  v^at  you  are  asking  is  a  significant 
change  in  thinking  and  having  tried  to  get 
programme  office  people  to  change  their  thinking 
and  working  at  this  for  some  years,  all  I  can 
say  is  "good  luck”. 


Mr.  Reynolds  :  _ 

I  would  like  to  add  one  further  oorrment  to 
that.  It  is  very  good  to  talk  about  quantising 
VCM  or  quantifying  outgassing.  I  think  it  is 
essential  at  the  sane  t.ime  to  exuantify  the 
effects  of  tlxose,  because  without  that  you  still 
have  no  control  or  no  controlling  influence. 


Mr.  Molloy  : 

This  question  on  the  validity  of 
tests  is  very  serious.  Take  the  example  of  the 
hi^  vai  foam  we  used  on  I>band  antenna  on 
ftoecs.  If  it  had  been  within  the  1%/0,1% 
specification,  we  would  have  taken  no 
precautions  to  protect  the  IR  sensors  and  we 
would  not  have  been  aware  of  vhether  there  was 
any  problem  or  not. 

Mr.  Daiphin  : 

Objection  :  After  the  first  thermal  test 
you  would  have  seen  the  contamination. 


Mr.  Molloy  : 

But  that  would  have  been  too  late. 


Mr.  Darphin  :  , 

No ,  there  would  have  been  another  panic . 

t4r  .  Thomas  : 

You  can  in  fact  get  activation  energies  and 
make  predictions.  We  run  three  different  tests 
at  different  temperatures  on  the  same  material, 
a  silicone  rubber,  the  material  temperature  is 
50,  80,  125  oc  and  the  collector  is  always  -25oc< 

Mr.  Minges  : 

Despite  the  logic  of  the  view  about  a  more 
quantitative  approach,  t  do  not  see  any  particu¬ 
lar  trend  within  the  Air  Force  now  to  actually 
do  this . 


J^7 
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ELECTROSTATIC  CHARGING  AND  SPACE  MATERIALS 


J  Bosma  &  F  Levadou 

ESA/ESTEC ^  Noordwijk^  The  Netherlands 


Ihe  qualification  of  materials  for  space  applica¬ 
tion  is  based  on  established  criteria  as  thermal 
control  ability,  contamination  effects,  stability 
in  space  environmant. 

Spacecraft  charging  effects  have  emi^sized  the 
relevance  of  electrostatic  cleanliness  aspects  of 
materials. 

Since  several  years,  the  ESTEC  Materials  Section 
^Sbeen  involved  in  research  and  develoiment  ac¬ 
tivities  to  study  the  effects  of  electrostatic 
charging  on  thernal  caitrol  coatings, 

This  p^ier  vd.ll  illustrate  that  there  is  extensi¬ 
ve  progress  in  this  field  of  investigation  and 
that  fran  the  materials  points  of  view  electro¬ 
static  cleanliness  can  be  Implemented  in  a  cost 
effective  manner  on  future  spacecraft  projects. 

Hhe  materials  vd.ll  be  discussed  on  the  basis  of 
experimental  data  obtained  in  house  or  under  ESA 
contract. 

A  surv^  of  the  on-going  activities  in  several  ma¬ 
jor  European  laboratories  on  electrostatic  char¬ 
ging  ^  the  future  activities  aiKl  policy  of  the 
Materials  Section  vd.ll  corplete  the  presentation. 


1.  iNTRcaxJcricaj 

During  the  past  decade  there  has  been  been 
considerable  European  effort  to  understand  and 
solve  the  prtA)iem  of  spacecraft  charging. 

Tile  recognition  of  electrostatic  charging  as  a 
potential  haEard  to  geosynchronous  satellites  has 
never  been  unaminous  and  the  approach  to  the 
new  phenomenon  tends  to  vary  from  one  project  to 
another. 

For  scientific  satellites  the  charging  of  the 
outer  skin  to  moderate  potential  levels  is 
already  sufficient  to  disturb  the  operation  of 
the  experimental  payload.  \^lication  satellites 
are  less  critical  to  charging,  but  subsequent 
discharging  my  cause  malfunctions  of  various 
subsystems . 

For  the  ESA  Scientific  Programme,  it  was  evident 
tliat  charging  effects  oould  be  detrimental  to 
various  plasm  experiments  on  geosynchronous 
satellites,  Europe's  answer  to  the  problem  was 
the  development  of  a  spacecraft  with  a  conductive 
outer  skin.  The  solution  is  based  on  the 
principle  that  application  and  interconnection  of 
conductive  surface  mterials  will  avoid 


differential  charging  and  establish  a  uniform 
potential  on  the  spacecraft  surface. 

GEDS  demonstrated  that  this  approach  was  feasible; 
it  V’as  the  first  satellite  to  have  a  surface  that 
is  more  than  96%  conductive,  (Figure  1) 

GEOS  was  also  a  very  costly  step  to  solve  space¬ 
craft  charging.  It  required  the  development  of 
nev^  conductive  mterials  and  the  inplementation 
of  strict  electrostatic  cleanliness  requirements. 

The  initial  attitude  of  the  application  programme 
v/as  often  one  of  scepticism,  partially  brought 
about  by  the  high  costs  involved  to  iirplement  the 
GEOS  solution. 

While  spa<^raft  charging  could  jeopardize  the 
actual  object  of  a  scientific  mission,  applica¬ 
tion  satellites  can  tolerate  surface  potentials 
of  up  to  several  hundreds  of  volts,  provided 
discharges  are  avoided. 

Elimination  of  discharges  by  selection  of 
adequate  materials  proved  to  be  difficult  in  tiie 
early  phase  of  the  application  programme,  because 
thermal  control  design  was  based  on  conventional 
materials.  Many  of  these  materials  are  non- 
conductive  and  will  not  support  high  potential 
levels.  Ihe  subsequent  discharges  generate  elec- 
tranagnetic  interferences,  v^ich  are  capable  of 
upsetting  logic  circuitry  and  damglng  electronic 
conponents . 

Some  projects  regard  electronics  hardening  as  a 
sufficient  measure  to  limit  spacecraft  anamolies 
induced  by  discharges.  This  solution,  however, 
does  not  stop  degradation  of  thermal  control 
coatings  and  enhanced  contamination  due  to  the 
attraction  of  charged  contaminants.  These 
accumulated  effects  could  become  serious  on  long 
term  missions. 

The  worst  situation  exists  when  no  precautions 
are  implemented  on  a  spacecraft.  Caicg  in  orbit, 
anamolies  are  often  attributed  to  spacecraft 
charging  without  supporting  evidence,  which  can 
create  an  over-reaction  of  the  project  concerned. 
(Figure  2) 

It  is  obvious  that  no  matter  which  approach  a 
project  prefers,  spacecraft  charging  is  essential¬ 
ly  a  materials  problem. 

Through  the  years  ESTBC  Materials  Section  has  been 
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thermal  control  coatings, 
solutions  vAiere  necessary. 

This  paper  and  that 

progress  in  ^  electrostatic 

nanner  on  future  satellite  proDects. 

2.  (3WERAL  MATERIAL  RESJUIREMENTS 

1  -itotal  Absorbers  :  Surfaces  having  so^ 

absorptance  (a  )  ana  nign 
infra-red  emittance  (e) re.g. 
blade  paints. 

o  QoiPir  Absorbers  :  Surfaces  having  high 
2.  solar  Absoroers  and  lew  emittance, 

e.g.  blade  metals. 

sou, 

e.g.  white  paints. 

/  TN^i-ai  Reflectors:  Surfaces  having  low  ^ 

4.  Total  Reflectors  and  low  emittance, 

e.g.  v*rLte  metals. 

Between  these  extremes  there  are  sc«:alled  median 
ranges. 


beau*  e,«»or.ft  Si!  SSif 

lar  thermo-optical  properues  tena  tu 
that  are  thanselves  conductive. 

Categories  1  ^  ®  ^^^nte,''Smposites, 

conductive  materia^:  ^^,ngs 

&^Sa^S"arlv  for  space  application. 
Finding  conductive  altematiws  for  these  materials 

proved  to  be  more  problematic. 

r‘“s;s<s“ss3»”ss;  “s! 

line  on  the  acceptance  of  material  pa 

aiplication. 

Decontamination 
Humidity 
Thermal  Cycling 
Thermal  Shock 
Vibration 


eSrt^cal  conductivity,  adhesion)  are  in  agree¬ 
ment  with  is 

Sifi^d^’^-  ^regualifi^  then 

it^has  successfully  passed  the  ^ 

^^2)^  "successfully"  keeping  the  same  defini 
tion  as  above. 

3.  materials  characterization  for 
SPACECRAFT  CHARGING 

gnacecraft  charging  is  a  cettplex  phenonemon  whi^ 
S^fds  on  the 

outer  surface. 

Ihe  actual  potential  levels  at^i'^  will  depend 
on  various  current  cesrponents 

-  Incident  Ambient  Electrons; 

-  Incident  Ambient  Ions; 

-  PhOtoemitted  Electrons; 

^  Backscattered  Electrons; 

-  Secondary  Electrons. 

These  potential  levels  will  vary  for  ^ 
materiSs  applied  on  the  exterior  of  ^  ^ce 
Saft  surfaS.  If  the  differential  ^ten^l 
exceeds,  the  breakdown  voltage  for  specific 
^tSll  geemetries,  a  discharge  will  occur. 

.  (4)  . 

There  are  four  basic  locations  for  a  discharge  . 

-  Between  adjacent  metallic  elements  vAiich  do 
not  have  a  common  ground; 

~  Between  a  dielectric  material  and  a  metallic. 

surface  or  backing;  .  4  „ 

ssiS  !?s'.;LScStr£i» 

of^terials  is  always  subjected  to  various 
limitations. 

factors,  carplex  geometries,  ejected 

nlpx  oroblem  of  spacecraft  charging,  which  ,al 
?e^v  Snlres  BO^isticated  Instrumentation. 

TP^cinlts  of  small  scale  laboratory  . 

Campled  to  several  other  material  preperties 
S^^are  relevant  to  space  application  e.g. 

■  SSSlfi  5SSr.i"a^FSS.*!S^  « 

facto™  a.  total  area,  aOjacent  laatotlala, 

“^=s;s  SI  ss.rto"iss,!S  -- 
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Shiite  will  depend  on  the  nuntoer  of  simulation 
factors  incorporated  in  a  test. 

The  actual  performance  of  an  integrated  material 
^  only  be  established  Iv  in-f St  StTS 
t^  less  extent  by  ground  testing  of  spacecraft 
m^ls.  This  is  definitely  the^ 
d^Uye  materials  whidi  are  susceptible  to  dis- 
cJi^ir^.  For  ccnductivB  materials,  small  seaio 

give  fS 

liable  information  if  the  basic  electri^l^rooer- 
^mic  requirements  of  a  specific  satellite 

4.  STANDARD  TEST  METHODS  USED  BY 
ESTEC  MATERIALS  SECTION 

to  ^wal  a  ^ductivB  material  is  evaluated  to 

scientific  satellite; 

2li™  ^  exposed  spacecraft  surface  must 

currents  to  that  surface  to  flow 
to^^cecraft  ground  or  to  the  sunlight 

M  surface  without  generating  fiten- 

^  tials  in  excess  of  IV. 

naterial  has  passed  the  pre- 
phase,  its  electrostatic  behaviour 
^^acterized  in  a  simulated  substorm  en^ron- 

S^rSL^  Simulation 

^l^uS^  performed  under  contract  at 

performed  in  the 
substorm  facility.  Both 

f^llities  will  be  described  in  more  detail  in 
thean^' Survey  of  Elaropean  laboratories". 

^  ^ndard  test  parameters  are  ; 

;V  ~  Surface  Vbltage  Profile; 

Sanple  to  Holder  Leakage  Current; 

Breakdown  Transient  Current- 
-  Photography  of  Discharge  Patterns. 

B^^the  DEBTS  facility  has  been  upgraded 


Secondary  Qnission  Currents; 

.•  "*  Surface  Leakage  Currents. 

toth  facilities  have  the  possibility  of  illumina- 
sanples  with  ultra-violet  light 
modification  of 

the  sanple  terr^erature. 

5.  REVIEW  OF  TESTED  MATERIALS 

^  materials  will  be  discussed  on  the  basis  of 

following  sections. 

section  will  ccopile  relevant  basic  infoma- 
rfon  on  tested  conductive  materials.  Test 

^  sources.  The  data  is 
prepent^  as  a  suiutiary  fpr  potential  users. 

Gonductlve  Black  Paints 

5.1.i:.„<3iemqletze  H322. 

-  Nature  :  ^lyurethane  Paint,  High  Temperature 

Cure; 

-  :^ufacti^r  :  Hughson  Chemical  Corp.  U.K.; 
Pr^alified  :  On  Kapton  Substrate; 

(/)  (8)  (9) 


:  On  Aluminium  Side  of  Aluminised 
^tylar; 

On  Aluminium  Side  of  Aluminised 
Kapton  ; 

On  Aluminised  Kapton  with 
1  .r.  ,  Lesonal  01-66050  Primer; 

■  •  Uftra-violet  and  Particle  Irradia- 

U/;  tion  for  3  year  Geosynchronous 
Orbit; 

Solar  Absorptance  Degradation  /\a  = 

-  0.03.  s 

-  Electrical  Properties  :  Surface  Resistivity  on 

Aluminium  Substrate  : 

Pg  =  0.6  KS^; 

Surface  Resistivity  on 
Kapton  Substrate  : 

J  Pe  “  5.5  Ki^- 

-  Flight  Experience  ;  GEOS  ® 

ISEE-B 

To  be  used  on  MARBCS. 


5.1.2  Chemglaze  L30Q 

-  Nature  :  Polyurethane  Paint,  Room  Temperature 

Cure; 

-  M^farfurer  :  Hughson  Chemical  Corp.  U  K  • 

'  n  ^^23  Priner;  ‘ ' 

(10)  (11)  (12)  On  Kapton; 

On  Aluminium  Substrate; 

-  M..  O^^Alumini™  Kapton  Laminate; 
Qualified  :  No  data  available; 

-  Electrical  Properties  ;  Surface  Resistivity  on 

Aluminium  :  =  3 

Surface  Resistivity  on 

-  Flight  Experience  :  Reooimiended  fo?  BCS*^ 

5.2  Solar  Reflector  Materla.ls 

^•2.1  Optical  solar  reflector  (rigid) 

-  Nature  i  CXiartz  Substrate  with  Silver  Reflector 

^  J  Conductive  Top  Layer  of  Indirim- 
Tin-Oxide; 

-  Manufacturer  :  OCLI,  U.S.A.; 

“  Prequalified  :  On  Aluminium  Substrate  with  DC 
6-1104  Adhesive; 

~  ^  *  Ultra-Violet  and  Particle  Irradia- 

;  tion  for  3  year  Geosynchronous  Orbit ; 
Solar  Absorptance  Degradation  : 

Aa  ■  =  +  0.03; 

“  Electrical  Progerties  :  Surface  Resistivity  : 

Pg  =  Kf2-range; 

“  Flight  Experience  :  GEOS. 

^-2.2  Optical  solar  reflector  (rigid) 

-  Nature  :  Cerium  Doped  Glass  with  Silver  Reflec¬ 

tor  and  a  Conductive  Top  Layer  of 
Indium-Tin-Qxide; 

-  Manufacturer  :  PPE,  U.K.; 

Prequalified  :  On  Aluminium  Substrate  with  DC 
.  6-1104  Adhesive; 

“  *  Ultra-violet  and  Particle  Irradia¬ 

tion  for  3  years  Geosynchronous 
Orbit; 

Solar  Absorptance  Degradation  : 

Aq£  ’  =  +  0.02; 

-  Electrical  Properties  (16)  :  Surface  Resistivity; 

El^trostatic  Simulation  test^fn  c^in^ion 
^tli  conductive  adhesive  RTV  566  loaded  with 
ao-tond  1029B  :  Lew  surface  potential  and  no 
discharges  for  20-30  KeV  electrons  with  current 
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densities  I- 10  nA/cm^. 

-  Flight  Experience  :  ISEE-B. 

5.2.3  Second  surface  mirror  (flexible) 

-  Nature  :  75  pm  Aluminised  FeP  Teflon  with  a 

Oonductive  Top  Layer  of  IndiunHTin- 
Oxide; 

-  Manufacturer  ;  FeP  Teflon  :  Sheldahl  U.S, 

Indium-Oxide  s  Deposited  by 
Balzers  Liechtenstein; 

-  Prequalified  :  No; 

-  Qualified  s  Not  conplete; 

Ultra-Violet  Tests  :  (25) ; 

Derts  :  1000  ESH  at  Rdcto  Tenpera- 
ture  Aa  =  +  0.02; 

Estec  :  .500  ESH  at  80  C 

Aot  =  —  0.03; 
s 

-  Electrical  Properties  :  (24)  (25); 

Surface  Resistivity  :  -range; 

Electrostatic  Simulation  Test  ;  Surface 
Potential  sneller  than  lOV,  no  discharges  for 
5  to  25  KeV  electrons  with  current  densities 
1  to  5  nA/cm^; 

-  Flight  Experience  :  No. 

5,2.4  Second  surface  mirror  (flexible) 

-  Nature  :  125p  m  Silver  FeP  Teflon  with  a 

Conductive  Top  Layer  of  Indium-Tin- 
Qxide; 

Mcuiufacturer  :  Sheldahl  U.S. 

-  Prequalified  :  No; 

-  Qualified  :  Not  Qxiplete; 

Ultra-violet  Tests  : 

'  Derts  :  1000  ESH  at  Room  Temperature  : 

Aa^  =+0.05; 

®  o 

'  '  Estec  :  700  ESH  at  80  C  : 

Aa  =  +  0.03 

-  Electrical  Properties  :  Surface  Resistivity  : 

(24)  (25)  MS^-Range; 


5,2.5  White  oonductive  paint  NS43C 

-  Nature  :  Silicate  Paint,  Room  Tenperature  Cure; 

-  Manufacturer  :  NASA  Goddard  U.S. 

-  Prequalified  :  On  Aluminium  Substrate; 

(21) 

-  Qualified  :  Not  by  ESA,  but  by  Goddard  for 

ISEE  project;  16  ,  2 

2000  ESH  UV  and  4  x  10  p/cm 
Solar  Absorptance  Degradation  : 

Aa  =  +  0 . 12 
(cSddard  Reference) 

-  Electrical  Proj^rties  :  Surface  Resistivity  on 

Aluminium  Substrate  : 

p  =  14  X  10^^ 
s 

Volune  Resistivity  ; 

p  =  6.3  X  10^  nm 
My 

-  Flight  Experience  :  GEOS  (small  experiment) 


5.2.6  Silica  Fabric  Brochier  20766 

-  Nature  :  Woven  Fabric  Based  on  Medium-Pur itj^ 

Silica  Fibers,  Heat  Treated  at  800  C; 

-  Manufacturer  ;  Brochier  France; 

-  Prequalified  :  No;  .  ^  m  x. 

-  Qualified  :  Not  Oonplete,. Ultra-Violet  Test  : 

(24)  (25)  900  ESH  at  Room  Tenperature  : 

Attg  =  0.12 


-  Electrical  Properties  : 

High  secondary  emission  conductivity.  Electro¬ 
static  simulation  test  :  Surface  potentials 
up  to  kV-range,  no  discharges  occur  for  elec¬ 
tron  energies  up  to  15  KeV  with  current 
density  of  1  nA/cm^.  At  20  KeV  :  small  dis¬ 
charges; 

-  Flight  Experience  ;  No,  but  a  high  purity  ma¬ 

terial  "Astroquartz”  manu¬ 
factured  by  General  Elec¬ 
trics  U.S.  has  been  flown 
on  USAF  satellites. 


5.3  Conductive  Aluminium  Paints  i 

5.3.1  Oonductive  PSG  173 

-  Nature  :  Silicone  paint  with  aluminium  pigment 

and  silver  flakes  for  conductive 
loading; 

-  Manufacturer  :  CNES/ASTRAL  France; 

-  Prequalified  :  Not  by  ESA,  but  there  has  been 

a  prequalification  by  CNES 
high  outgassing  rate; 

-  Qualified  :  No; 

-  Electrical  Properties  :  Surface  resistivity  : 

<IQ; 

Electrostatic  Simulation  Test  :  Surface  po¬ 
tential  smaller  than  lOV,  no  discharges  for 
5  to  20  KeV  electrons  with  current  densities 
1-5  nA/cm^; 

-  Flight  Experience  :  No. 


conductive  aluminium 


-  Nature  :  Silicone  paint  with  aluminium  pigm^t 

and  silver  powder  for  conductive 
loading; 

-  Manufacturer  :  Estec  Formulation; 

Silicone  :  Owens  Illinois  650; 
Aluminium  pigment  :  Alcan  MD5100; 
Silver  powder  :  XRP-1; 

-  Prequalified  :  In  process; 

"  Qualified  :  No;  .  . 

-  Electrical  Properties  :  Surface  Resistivity  ; 

<1Q; 

-  Flight  Experience  :  Intended  for  Spacelab 

Ej^riment. 


Tn.cinl  a+'inn  Blankets 


-  Nature  :  125pm  Kapton  H  film  with  aluminium 

reflector  and  a  conductive  top 
layer  of  indium-tin-oxide ; 

-  Manufacturer  :  Aluminised  Kapton  :  Sheldahl  US; 
Indium-Tin-Qxide  :  Deposited  by  General  Elec¬ 
tric  U.S. ; 

-  Prequalified  ;  In  combination  with  conductive 

(23)  grounding  bonds  consisting  of 

aluminium  straps  with  conduc¬ 
tive  adhesive  RTV  566  loaded 
with  Cho-Bond  1029B; 

-  Qualified  :  No;  ,  .  j. 

-  Electrical  Piopert-ies  :  Surface  resistivity  : 

KU-range; 

Electrostatic  Simulation  Test  :  Surface  po¬ 
tential  smaller  than  lOV,  no  discharges  for 
electron  energies  5-20  KeV  wit^  current 
densities  of  0.5  to  1.25  nA/ cm  ; 

-  Flight  Experience  ;  No. 
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5.5  Conductive  Adhesives 
5-5.1  Conductive  RTV  566 

-  Nature  ;  Silicone  Rubber  RTV  566  loaded  with 

silver  pcwder  Cho-Bond  1029B; 

-  Manufacturer  :  Estec  Formulation;  RTV  566  ; 

General  Electric  USA; 

Cho-Bond  1029B  :  Chonerics  USA; 

~  Prequalified  :  For  conductive  grounding  of 
(14)  (15)  aluminised  Kapton  tape  (alumi¬ 

nium  space  exposed) . 

For  conductive  grounding  of  ITD 
coated  aluminised  Kapton*!  For 
inductive  adhering  of  OSR's; 

-  Qualified  :  Not  apjjlicable  for  underlying 

adiieslve; 

-  Electrical  Properties  :  Contact  resistance  of 
100  ym  layer  between  two  aluminium  plates  : 
smaller  than  10  JL* 

-  Electrostatic  Simulation  Tests  :  In  combination 
with  PPE  conductive  OSR  (16).  In  ccinbination 
with  no  coated  aluminised  Kapton  (23) .  In  both 
cases  surface  potentials  smaller  than  lOV,  no 
discharges  for  electron  energies  5-20  KeV  with 
current  densities20 . 5  to  1.25  nA/cm^  for  Kapton 
and  1  to  10  nA/an^  for  OSR. 

6.  ELECTROSTATIC  SHOLATIO^  TESTS  OF  NON- 
CTNDUCTIVE  MATERIALS 

6.1  General  Behaviour  of  The  Irradiated  Saitple 

Ttie  impinging  electrons  on  the  sample  surface 
cause  a  charge  displacement  in  the  conductive 
substrate  which  accounts  for  the  initial  high 
leakage  current.  This  '’displaanent"  current  de¬ 
cays  with  time,  because  the  incident  electrons 
are  partially  retarded  by  a  potential  build-up 
on  the  sanple  surface. 

There  are  two  cases  to  be  considered  : 

Case  A  The  potential  build-up  is 

sufficient  to  decrease  the  number  of  incident 
electrons  to  a  value  which  can  be  removed  by 
leakage  paths  and  secondary  emission  of  the 
sanple.  An  equilibrium  potential  is  obtained 
^4iich  is  lower  than  the  breakdown  voltage  of  the 
test  material. 

Case  B  The  charge  removal  is  at  all 

times  smaller  than  the  nunber  of  incident  elec¬ 
trons.  Ihe  test  sanple  will  charge  to  the  break¬ 
down  voltage  of  the  sanple  at  which  time  an 
abrupt  drop  in  surface  potential  occurs.  It  is 
assumed  that  this  is  caused  by  a  discharge  of  a 
large  surface  area.  After  the  discharge  the 
leakage  current  junps  to  a  high  value  and  starts 
bo  decay  until  a  new  discharge  takes  place. 


The  discharges  described  in  case  B  are  identified 
as  "large",  in  contradiction  to  "small"  dischar¬ 
ger,,  vbich  do  not  considerably  modify  the  surface 
jxotential  and  are  assumed  to  be  "point"  discharges. 
This  latter  can  occur  in  both  cases  A  and  B. 

6.2  Electron  Irradiation  Tests  of  OTS  Thermal 
Control  Coatings 

6.2.1  Scope 

These  tests  were  ^^erformed  at  Derts  Toulouse  for 
various  thermal  control  materials  applied  on  the 
OTS  geosynchronous  satellite.  The  actual  tests  are 


described  in  (13) .  This  section  gives  a  survey 
of  the  main  results. 

6.2.2  Materials  tested 

-  3  Mil  silver  FeP  Teflon  adhered  to  an  alumi¬ 
nium  substrate  with  3M  467  tape; 

-  3  Mil  aluminisedKapton  (with  vent  holes)  ad¬ 
hered  to  aluminium  substrate  with  RIV  566 
conductively  loaded  with  Cho-Bond  1029B; 

-  3  Mil  aluminised  Kapton  (without  vent  holes) 
adhered  to  aluminium  substrate  with  RTV  566 
conductively  loaded  with  Cho-Bond  1029B; 

-  3  Mil  aluminised  Kapton  (without  vent  holes) 
adhered  to  aluminium  substrate  with  RTV  566 

.silicone  adhesive; 

-  Multilayer  insul.ation  blanket  with  external 
aluminised  Kapton  layer; 

-  OCLI  OSR’s  adhered  to  aluminium  substrate 
with  RTV  560  silicone  adhesive; 

-  Aluminium  honeycomb  with  glass- fibre/epoxy 
resin  top  layer  coated  with  SllGLO  white 
silicone  paint, 

6.2.3  Test  conditions 

The  tests  were  performed  in  the  earlier  irrat“ 
diation  chamber  at  Derts  Toulouse.  The 
samples  were  irradiated  with  electrons  of  in¬ 
creasing  energy,  starting  from  5  KeV  up^to  30 
KeV  wit^  cu3n:ent  densities  of  0.1  nA/cm^  to 
2  nA/cm^  until  discharges  were  observed. 

When  the  conditions  for  electrostatic  discharges 
are  obtained,  the  sairple  remains  irradiated  and 
is  allowed  to  discharge  during  6  hours. 

6.2.4  Test  results 

The  test  results  are  documented  in  Table  I. 

6.2.5  General  observations 

All  tested  sanples  demonstrated  charging  and 
discharging  effects,  'llie  highesi  rxDtentlal 
levels  were  ach.ieved  by  the  silver  tef  lpn 
saiTple,  * 

Adliering  of  fJio  aluminised  Kapton  san^de  witii  a 
conductive  adhesive  decreased  tlie  maximum  fX5“ 
tential  level  and  the  number  of  discharges  as 
corpared  to  a  non-conduct ive  adhesive  mount.  It 
also  minimised  the  degradation  effects  on  the 
aluminised  Kapton . 

The  honeyccmb  coated  with  S13GL0  showed  the 
highest  rate  of  large  discharges,  which  started 
at  a  relatively  low  indicent  electron  energy. 
Illumination  with  ultra-violet  light  showed  a 
clear  response  of  all  Kapton  sanples.  The 
leakage  current  increased  and  the  surface  po¬ 
tential  was  almost  minimised.  No  discharges 
occurred  during  illumination. 

The  other  sanples  showed  no  response,  but  this 
could  be  caused  by  the  fact  that  the  incident 
light  did  not  contain  wavelengths  shorter  than 
320  nm. 

6.3  Electros t:a Lie  Charging  Tests  of  Conduct Ivtj 
and  Non-Conduct  ive  Optical  Solar  ReFl-ectors 

6.3.1  Scope 

This  research  was  [^erfonied  l  o  evalual  c  various 
ways  of  limiting  electrostaLlc  discharge  effects 
on  optical  solar  reflectors. 

The  investigations  have  been  publistied  i.n  detail 
in  varioas  recent  refjorts  (16)  (17)  (18)  (19)  (26). 
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This  section  will  give  a  listing  of  the  main 
conclusions. 

Conclusions 

The  successive  testiiig  of 
systaiB  in  ESTBC’s  Materials  S^ion 
that  both  OCU  and  PPE  OSR' s  with  a  conductiw 
iSdium-tin-oxide  top  layer  in 

effects  in  a  substorin  envirorment-  Such  m  OS^ 
^Bive  system  nakes  interconnection  and  conductive 

^^todSng^of'^he  OSR  should  definitely  not  be 
SwldS  with  a  protective  insulating  ^V^r. 

PPE  standard^  non-oonductive  OSR' s  may  be  ,  , 

^  C^SSoITwith  a  conductive  adhesive,  P^ded 
that  thev  are  operated  at  room  tenperature  or 
higher.  Odl  standard  non-oonductive  0^  s  ^e  no 
SSnded  for  the  sane 

high  bulk  resistivity  of  tte  gua^z  '^11  cause 
rfiarqing  and  discharging.  (Fig.  J  ,  Fig.  ^ 
S^^^ctive  adhesive  referred  to  is  always  the 
B3V  566  with  Cho-Bond  1029B  conductive  loa  g. 

6.4  i?io«"tmstatic  Siitulation  Test  of  htprcy^ 
Aluminised  Kapton 


Electrostatic  discharge  testing  of  a  largesanple 
of  nultilayer  thermal  blanket  ^  ^ 

indicated  that  evaporation  of  relatively 
Sis  ^the  vacuum  deposited  alundnim  on 

of  the  outer  Kapton  layer  occurred  as  a  re 

suit  of  nunerous  discharges.  ,  raise 

The  solution  proposed  to  this  problem  was  to  raise 
S  ScS^ss  of*e  aluminium  layer  fran  1000  X 

(VDA)  to  25  »m.  (laminated)  .  ,  (20I 

Tte  result  of  this  test  has  been  published  in  (20) . 

6.4.2  Oonclusions 

A  small  scale  nono-energetic  ff 

de^strated  that  the  Improvement  sought  is  indeed 

with  1000  A  al^nii®  sh^ 

Hip  evaTX)ration  of  aluminium  after  app. 
S^s"SS  f«>t,  20  to  90  anpSre  peak  current 

The^ptSi^with  25  pm  aluminium  shewed  no  visible 
2^SS?Sn  after  e^.  90  discharges  of  simlar 

exanple  of  how  projects  ^prefer 
S"Li^ere!e^cs  may  also  avoid  extensive 
^terials  degradation  due  to  disch^^n^^ 

It  must  be  kept  in  mind,  however,  that  this 
only  a  short-term  solution. 

7.  RESEARCH  AND  DEVEEOPMEIir  P^DG^ 

OF  A  OONDOCTIVE  SOLAR  REFLEICTOR  (24)  (25) 


7.1  Scope 

I*,  fra.  of  «d 

s-ss-o: 

definition  and  realization  of  a  thermal  con 
coating  having  the  following  properties  : 

-  low  value  of  the  ratio  a/e  (cold  coating)  ; 

-  electrically  conductive? 

-  Space  qualified. 


The  contract  has  been  divided  into  ^  parts. 

The  first  phase  was  an  evaluation  of  the  i^^ible 

SfSt  techniques.  Three  have  been  studied 

into  detail  : 

-  transparent  conductive  layers  deposited  on 

flexible  polymeric  materials; 

-  quartz  tissues;  ^ 

-  conductive  pigments  or  charges  for  ^  ' 

or  conductive  flexible  transparent  materials 
used  as  SSM. 

A  critical  study  of  the  bibliography  and  a  _  ^ 
^SiSl  evaluation  of  the  differ^  ^tions 
with  sore  preliminary  tests  made  in  the  DEBTS 
laboratoriL  have  shown  In  what  direction  phase  2 
will  be  dirtK*ed. 

Phase  2  has  consisted  In  a  deep  st^  of  mal^y 
^^fferent  solutions  with  a  follc^up  on  quartz 

tissue. 

-  FeP  SSM  covered  with  Indium  Oxide; 

The  type  v*iich  has  been  studied  was  a  3  fcl  SSM 
manuf^ured  by  SHEU3AHL  on  which  an  nO  layer 
has  been  deposited  by  BALZERS. 

Ocrrrerciali^  by  DUPONT  DE  NEMCWRS ,  N  af  ion  is  a 
?to^Liated  polymer  of  tte  ^ 

Naf ion  could  be  used  either  as  a  pigment  for 

mint  or  as  a  second  surface  itetallized 
film  These  two  techniques  had  been  studied  ^ing 
S^firet^.  The  latter  (SSM)  has  been  chosen 

Stu^s'^ri^'^  ftrst  phase  have  sl^  that  the 

gtS  Lns^ssion  of  ^-^^^^the 

n?nved  if  the  film  is  washed  in  methanol.  Also  zr\e 
is  brproved  eifte^f  the 
of  the  acid  function  is  exchang^  by  « 
carbon,  or  if  the  film  is  treated  by  polyethylene 

Se?^  the  reasons  why  the 

solutions  for  Naf  ion  have  been  tested  during 

this  second  phase. 

-  Ccimercial  film  (type  125); 

-  Type  125  washed  with  methanol; 

-  ly^  125  washed  with  methanol,  sodlc  form, 

-  Same  with  an  ITO  layer;  t  /i  ,.14-^ 

-  Type  125  washed  with  methanol,  treated  with 

PEG  1500;  i 

-  Sane  with  ITO  layer. 

rin  ai  1  of  these  fUns  aluminium  has  been  vacuum 

SiilfS  STSms.  Mlon  fll.  to  b«»  PWato 

by  IBCHA  France  to  obtain  the  salt  forms. 

7.2  Tests  and  Measurements  Performed 

The  following  tests  and  measur^nts  have  been 
perfomed  by  DEBTS  on  all  sanples  : 

-  Measurenent  of  electrical 

influence  of  a  bending  test  over  cylinders  of 
various  dimensions; 

,  -  Electrostetic  simulation  test 

X  neasurements  of  surface  potentials  at  diffe 
rent  energy  levels  and  currents  of  incident 
electrons; 

X  detection  of  discharges  if  any; 

X  effect  of  electron  irradiation  on  electrical 
*  ef£t''rf*’tendlng  on  electrostatic  behaviour; 
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-  Measurenent  of  reflectance; 

-  UV  irraciiatlon  tests. 

7.3  Results 

The  main  results  obtained  during  the  contract  are 
the  following  ; 

TO  SSM  film.  Coating  with  an  HD  layer  seems  to 
a  Very  good  conductive  solution.  The  surface 
potential  under  electron  irradiation  is  very  low 
(<10  Volts) ,  no  detectable  discharging  and  a 
very  good  stability  under  UV  irradiation.  Table 
II  gives  electrical  resistance  and  Pig.  6  gives 
the  change  of  solar  reflectance  with  irradiation 
time. 

The  SSM  prepared  by  BALZERS  is  more  stable  than 
the  oatmarcial  one  from  SHEUWIL. 

In  general  it  appears  that  the  HO  layer  acts  like 
a  UV  filter  and  protects  the  film  underneath.  The 
UV  degradation  with  HO  layer  tends  to  be  lower 
than  without. 

N^ion  SSM  film  seens  to  be  a  promising  solution, 
mainly  the  potassium  sulfonate  form.  The  surface 
;  potentials  reax±ed  during  electrostatic  testing 
stay  lew  (<350  Volts),  These  films  are  affected 
hy  UV  irradiation.  Conplonenting  studies  will 
certainly  !:«  necessary  to  improve  the  vacuum 
stability  as  well  as  the  UV  stability. 

Pig.  7  gives  the  change  of  electrical  resistances 
under  vacuum  exposure. 

Fig.  8  and  ;Fig.  9  give  the  change  of  solar 
reflectance  with  irradiation  tinre. 

CXiartz  tissue 

The  studies  performed  during  the  phase  1  of  the 
contract  shw  that  the  surface  potentials  for 
monoenargetic  electron  irradiation  are  rather 
high  (up  to  KV-range) .  Lewer  values  of  the  sur¬ 
face  potential  might  be  measured  with  polyener- 
getic  beams  including  lew  energies  (2  to  5  KeV) . 
There  appe^s  to  be  no  arcing  risk  for  monoener- 
getic  electron  irradiation. 

The  degradation  under  UV  irradiation  of  the  tested 
medium  purity  fibres  is  high. 

Fabrics  made  of  high  purity  Silica  should  haVe 
better  UV-^^ility,  the  yams  can  be  procured  at 
Quartz  et  Si^lice  France. 

Fig.  10  shows  the  change  of  solar  reflectance  with 
UV  irradiation  time, 

8.  NEW  GROUNDING  TECHNIQUES  BASED  ON 
CONDUCTIVE  ADHESIVES  (14)  (15)  (23) 

8.1  Scope 

A  variety  of  new  conductive  materials  has  been 
developed  to  avoid  spacecraft  charging  effects. 

The  deposition  of  a  thin  layer  of  indium  oxide  on 
a  conventional  thermal  control  itBterial  has  becorro 
a  favoured  techiiique. 

One  of  the  first  applications  of  this  technique  was 
the  indium  oxide  coated  rigid  optical  solar 
reflector  (OSR)  which  was  flown  on  the  GEOS  and 
ISEE-B  satellites,  Tliese  OSR-panels  consisted  of 
small  individual  units  (2  x  4  on)  which  were  each 
grounded  or  interconnected  by  4  conductive  tabs 
on  each  comer  of  the  indium  oxide  surface.  This 
method  of  a  large  ratio  of  grounding  points  to 
ej^sed  thermal  control  surface  gives  a  high 
reliability  that  the  electrostatic  cleanliness 
requirements  will  be  maintained  during  satellite 
lifetime.  This  type  of  panel  is  however  very 


ej^Jensive  and  involves  considerable  labour  due  to 
the  mounting  and  inteixonnection  techniques. 

A  solution  to  avoid  interconnection  is  the  moun¬ 
ting  of  the  CSR  *  s  with  a  conductive  adhesive .  This 
option  has  already  successfully  passed  electro¬ 
static  simulation  testing,  as  has  been  described 
in  section 6  .3. 

Following  the  general  trend  to  cut  expenses  it  is 
a  logical  step  to  apply  indium  oxide  layers  on 
the  cheaper  flexible  polymer  materials  e.g.  second 
surface  mirrors  (SSM)  and  multi-layer  insulation 
blankets.  These  materials  are  provided  as  a  sheet, 
vhich  sinplifies  application  techniques.  It  is 
obvious  that  more  attention  will  be  required  for 
the  grounding  methods  as  not  to  increase  applica- 
t^n  costs  of  the  sheet  material  due  to  numerous, 
grounding  points  as  is  tlie  case  w.ith  the  CXSR  peine 3. 

The  minimum  amount  of  grounding  points  will  de¬ 
pend  on  several  considerations:  (22) 

-  Type  of  grounding  point  (shape,  physical 
dimensions). 

-  Maximum  permissible  surface  voltage  on  the 
satellite  outer  skin. 

“Reliability  of  a  grounding  point  in  space 
conditions. 

-  Configuration  of  the  grounding  points  over 
the  thermal  control  coating. 

ESTEC  Materials  Section  has  developed  a  grovmding 
technique  based  on  RTV  566  with  CHO-bond  1029B 
conductive  loading. 

8.2.  Bonding  Mettiod 

As  is  cermon  with  many  conductive  silicone  adhe- 
sives,  the  bond  line  must  be  very  thin  (app.  5  to 
10  mil)  and  the  cure  must  take  place  under  pres¬ 
sure  (200  gram  load) .  The  adhesive  can  be  cured 
at  roan  temperature,  but  curing  at  an  elevated 
terrperature  (e.g.  160^0  is  more  rapid.  So  that 
pressure  and  a  high  temperature  could  be  applied 
simultaneously  to  anall  aw)<wardly  situated  areas, 
a  special  heated  probe  was  developed. 

The  tool  is  a  i^ller  Weep-Tetronik  solar  station 
with  the  iron  modified  . 

The  face  of  the  hot  end  has  a  raised  area  0.7nfn 
in  height  v^ich  when  pressed  down  to  the  level  of 
the  ceramic  grip  produces  a  load.  The  stainless 
steel  spring  spanner  increases  or  decreases  the 
load  by  rotation. 

The  probe  is  held  by  the  ceramic  grip  and  the  hot 
end  applied  to  the  desired  place. 

Examples  of  application 

Grounding  of  alumlnised  Kapton  Tape  (14) 

For  the  GEOS  thermal  control,  a luminised  kapton 
tape  was  applied  for  thermal  triirming  with  the 
aluminised  surface  exposed  to  space. 

Each  tape  segment  had  to  be  electrically  intercon¬ 
nected  and  integrated  segments  grounded  to  the 
spacecraft  structure.  One  solution  v^ich  was 
hewever  not  flown,  was  with  RTV56r)  +  CHO-lx^nd 
1029B.  The  grounding  system  was  ba.sed  on  the 
cutting  of  triangles  .in  the  tapt'  lo  exfjose  the 
underlying  aluminium  structure.  Conductive  adhesi** 
ve  was  applial  in  the  triangle,  covered  with  an 
aluminium  foil  tab  after  which  an  earlier  version 
of  the  heat  probe  was  applied,  to  cure  the  adhe¬ 
sive.  This  grounding  method  passed  pre-.gualifica- 
tion. 
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8.3.2.  GroMnding  of  IrKlium-Tin-Oxide  coated  alu^ 

mlnised  Kapton  tape  (23) . _ _ _ 

This  investigation  is  part  of  a  study  to  devel^ 
new  methods  of  electrical  connection  for  f  lexxble 
second  surface  mirrors  coated  with  PTO.  The  con¬ 
nection  by  mechanical  means  such  as  bolts  or 
rivets  is  not  succesful  due  to  the  breaking  of 
the  very  thin  Indium-^in-Oxide,  with  subsequent 
loss  of  electrical  conduction . 

The  basic  material  is  5  mil  aluminised  Kapton  on 
whic^  a  layer  of  I.T.O.  has  been  deposited.  An 
aluminium  strap  of  8nin  width  and  30rtin  thickness 
is  beaded  to  the  top  layer  by  means  of  the  con¬ 
ductive  adhesive  which  is  cured  with  the  heat 
prabe.  This  grounding  method  succesfully  passed 
pre-qualification  testing. 

A  test  panel  of  ITO  coated  aluminised  kapton  with 
four  conductive  adhesive  bonded  grounding  straps 
followed  the  pre-qualification  progranme  and  Was 
submitted  to  simulated  substorm  envirenment  in 
the  Derts  laboratories  in  Toulouse.  The  results 
show  that  the  panel  surface  potential  did  not 
exceed  lOV  and  that  discharges  did  not  occur . 


8.3.3.  Conclusions  The  conductive  adhesive  system 
d^eloped  by  EOTBC  Materials  Section  is  very  ver¬ 
satile  and  can  be  used  as  a  means  of  solving  a 
wide  variety  of  grounding  problems.  _  ^ 

It  has  already  been  succesfully  pre-qualified  for 
several  applications. 
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9.  FUTURE  ACTIVITIES  AND  POLICY. 

Up  to  now,  materials  characterization  for  space¬ 
craft  charging  has  been  based  primarily  on  mono- 
energetic  electron  beam  irradiation.  Future  tech¬ 
niques  should  include  the  interaction  of  a  low 
energy  plaana  with  a  charged  surface.  This  type 
of  eiqjerijnent  would  represent  a  more  realistic 
simulation  of  geosynchronans  orbit  conditions  and 
be  performed  on  large  test  samples  of  mate¬ 
rials,  which  have  already  passed  standard  elec¬ 
trostatic  tests  with  mono-energetic  beams.  More 
data  on  additional  environmental  effects  are 
needed,  including:  | 

tanperature  effects, 
solar  illumination  effects, 
aging  effects. 

Recent  studies  have  shown  that  secondary  electron 
anission  plays  a  major  part  in  obtaining  equili¬ 
brium  conditions.  M6re  information  on  s^ondary 
emission  characteristics  of  materials  will  be  ne¬ 
cessary.  The  utilisation  of  coatings  with  pronoun¬ 
ced  secondary  emission  to  control  surface  poten¬ 
tials  may  be  possible.  ^  ^  i 

The  ultimate  policy  should  be  to  avoid  substantial 
charging  of  the  exposed  surface.  Even  then  there 
will  still  be  the  problem  of  enhanced  contamina¬ 
tion  due  to  the  attraction  of  changed  contami¬ 
nants.  Besides  changing  the  thermo-optical  proper¬ 
ties,  these  contaminants  could  also  change  the 
electrostatic  behaviour  of  the  surface. 

For  the  near  future,  ESTEC  Materials  Section  in 
tends  to  specify  and  develop  a  standard  screening 
test  method  for  the  selection  of  space  materials 
based  on  their  electrostatic  behaviour  under  ex- 
pos\:ire  to  a  simulated  gecmagnetic  substorm  envi¬ 
ronment. 

The  avoidance  of  surface  charging  will  beceme 
"state  of  the  art"  in  future  spacecraft  projects. 
Breakdown  voltage,  secondary  emission,  surface  and 
volume  resistivities  are  amongst  others,  parame¬ 
ters  which  vary  frem  batch  to  batch  and  a  conti- 
nuous  screening  of  these  properties  for  new,  as 
well  as  conventional  materials  is  evident. 
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table  I:  ELECTRON  IRRADIATION  OF  OTS 
THERMAL  CONTROL  COATINGS 


D 

c 

ischar 

Small 

ge 

Large 

Minimum 

cxinditions 

for 

discharge 

Surface  t 
potential  c 
at  time  of  c 
discharge  1 

Jurriber  of 
lischarges  t 
3ver  6 
lours 

)egradation 

- 

uv  effect 

Silver  teflon  mounted 
with  transfer  tape 

X 

X 

20  keV  - 
lnA/cm2 

11<U<  13 

(20ke\^lnA) 

21  large 
discharges 

Visual  for 
the  eye 

? 

Aluminised  kapton  with 
vent  holes,  mounted 
with  (xinductive  adhesive. 

X 

10  keV  - 
lnA/cin2 

2<U<4 

(30keV,2nA 
200  small 
discharges 

Microscopic 

Yes 

Thermal  blanket 
(VHF-Shield) 

X 

X 

20  keV  - 
lnA/cm2 

2<u<6.5 

(25keV,2nA 
19  large, 

200  small 
discharges 

Microscopic 

, 

Yes 

OSR 

X 

X 

25  kcV  - 
2nA/cm2 

4<0<9 

(30kGV^2nA 
65  large 
discharges 

Microscopic 

? 

Honeycxnib  with  S13GIO 
white  paint 

X 

X 

lOkeV  - 
lnA/cm2 

6.5<U<7.5 

(10keV,lnA) 
126  large 
discharges 

Microscopic  ? 

7 

Aluminised  kapton  with¬ 
out  vent  holes  mounted 
with  conductive  adhe¬ 
sive 

X 

lOkeV  - 
lnA/cm2 

7<U<10 

{30keV,2nA) 
180  snail 
discharges 

Microscopic  ? 

Yes 

•  Aluminised  kapton  with 

Vjent  holes  with  hon- 
conductive  adhesive 

X 

lOkeV  - 
lnA/cin2 

8<U<12 

(30keV,2nA: 
400  small 
discharges 

^  Visual  for  the 
eye 

'  Yes 

table  II;  resistance  CF  ALOMINISED  FEP  TEFION  WITH  BALZERS  I.T.O. 


Resistance  before 

Resistance 

(knO  after  bending  over  a 

cylinder  of  diameter! 

Remarks 

test  (kft) 

25 

20 

15 

10 

.10 

8 

6 

4 

2 

o.ef 

10 

10.7 

11.2 

17 

140 

300 

750 

750 

7:1' 

7.8 

8.5 

10 

22 

65 

120 

200 

700 

900 

18 

22 

25 

40 

60 

145 

500 

1000 

8000 

8000 
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1.  SOCffE 

Jf?  limited  to  five  laboratories  in 
Europe  which  have  facilities  and  instrunentation 
to  perform  electrostatic  tests  of  space  materials. 

Ihe  enphasis  was  on  small  scale  testino 

S^tlSncr"  for 

cecrart  structures  or  models,  ^ 

2.  FACILITIES 

'  University  (Germany)  1st  Institute  of 

Contact:  K.Groh. 

-  I-P.W.  Freiburg  (CSermany) 

Contact:  Schmidtke,  Seidl,  Kist 

*  A.E.R.E.  Harvrell  (U.K.) 

Contact:  D. Verdin 

“  E.S.A,  ESTBC  Noordwijk  (Holland) 

Contact:  J.Dauphin,  F.Levadou,  J.Bosma. 

M.Froggatt 

-  Onera/Cert/tterts  Toulouse  (France) 

Contact:  Berry,  PailloiB,  Levy,  Sarrail 


3.  (3ENERAL  OBSERVATIONS 

organisations  have  been  requested 
to  su^t  relevant  information  of  spacec^t 

survey.'^Sorma- 

tion  has  been  annexed  as  received. 

^  SPACECRAFT  CHARGING  EStPEKTHENIB 
AT  GIESSEN  ONIVEHSm  (1st  INSriTOlE 
PHYSICS) 

^  NOvem^  1978  the  activities  in  the  field  of 
started  at  Giessen  University 

*nie  goal  of  the  research  proiect  is  <-n  no»-F^vT« 

ground  t^ts  on  the  possiM?i5  of  c^t^S^ 

^c^af t  charging  phenomena  via  electric 

wit  ”«ans,  aiphasis  will  be 

put  on  the  active  control  of  a  charged  spacecraft. 

llte  ^e^ch  project,  running  over  a  scheduled 

*  iifo’^ature  and  i*iysical  survey. 

That  means,  in  this  phase  all  available  lite- 
ratoe  will  be  studied  to  achieve  an  up-to- 
■  of ^  knowledge  of  phencmena  as  the  behaviour 
of  a  spacecraft  limtersed  in  a  plasma,  the 
^ound  sinulation  of  such  charging  fhencmena 

and  the  effects' 

to  be  expected  for  operation  of  ion  and/or 
^  proximity  of  charged 

b)  Electron  and  taadlaUon  experiments. 

sanples  of  material  used 
at  pre^t  as  spacecraft  surfaces  including 

^radiated  ^  an  electron  flux  corresponding 
to  the  worst  case  conditions  occuring  ^ 


^  mgnet^  substoims.  After  the  preparatory 

means,  in  the  proximity  of  the  sanples  an 
ion  th^ter  and/or  its  neutralizer  (e^tron 
sou^)  will  be  operated.  Ihe  interaction  be- 
^  charged  sample  and  the  thruster's 
^a^t  plasma  will  be  studied.  The  posslbili- 
sample's  potential  or  clam¬ 
ping  the  potential  will  be  examined. 

big  vacuum  faci- 

fulfil  the  requiranents  of  such  expe¬ 
riments  especially  the  magnetic  cleanliness. 

Seme  data  of  the  chamber: 


fongfo  :  5,3  m 

Diameter  .  2,6  m 

Punping  speed:  10^  1/sec. 

Vacuum  .  =  2.l0~®mbar. 


the  vacuum  facility  in  which  the 

nostic^iilS.  ^  '^'3- 

,5.  LARGE  PLA31A  CHAMBER  AT  I.P.W.  FREIHJRG 

Si?^ll^  Jh  2.5  m  diameter  vhlch 

wculd  allcw  the  testing  of  large  samples. 

A  vacuum  of  better  than  10‘®  torr  Is  achieved 
P*^^  conbination  with 
trf^T^aS™P  *  Cryopanel  is  included  to 

improve  the  vaaium.  The 
total  chamber  can  be  baked  to  120^C 

®  generator  of  the  Kauffman 
stability  and  is 

variable  for  plasma  density  and  tenperature. 

by  different  neasure- 

a)  Impedance  Probes, 

b)  Langmuir  Probes, 

c)  Potential  Analyzers, 

d)  Ion  Traverse  MeasurGHtents . 

A  fl^le  system  exists  for  the  mounUng  of  test 
sanples  a^  scanning  prebes.  The  position  of 

""  electronic 

IW  also  hM  an  Electron  Canon  for  high  energy 

(KoV-range) ,  which  can  be  mounted  to 
tne  plasma  chcimber, 

PosBlbilliy  Of  jitmerslng 
sajple  in  a  low  energy  plasma  and  slmul- 
material  to  high  poten¬ 
tial  levels  by  means  of  irradiation  wltli  high 
energy  electrons.  ^ 

Helmholtz  coils  are  applied  to  guarantee  a  hemo- 
genius  magnetic  field  inside  the  chamber.  The 
been  applied  to  test  proto- 
Ig^s  and  flight  models  of  several  plasma  expe- 
riments  of  satellite  payloads. 
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Relevant  data: 

Background  pressure  without 
plasma  source 
with  plasama  source 
electron  density 
electron  tenperature 
ion  beam  energy 
ion  beam  velocity 
nagnetic  f  ield 

Figure  13  and  14  give  an  inpression  of  the  plasma 
chamber. 

6.  DCW  EUERGY  ELECTRON  IRRADIATION  FAdLITY  AT 
AERE,  HARWELL,  ENGLAND 

To  Study  tlie  electrostatic  discharging  phenonenon 
in  satellite  oonponents  a  facility  has  been  con¬ 
structed  in  which  dielectric  materials  can  be  ir¬ 
radiated  under  vacuum  at  controlled  temperatures 
with  mono-energetic  electrons  of  up2to  30  keV 
energy  at  beam  fluxes  up  to  SOnA.can  .  The  surface 
voltage  profiles  of  sairples  can  be  determined  du¬ 
ring  irradiation  and  the  leakage  currents  and  the 
frequency  and  magnitude  of  electrical  discharges 
can  be  continuously  measured.  Sanples  may  be  ob¬ 
served  visually  arxl  {^otographed  during  irradia¬ 
tion,  and  the  electromagnetic  radiation  accorpa- 
nying  discharges  may  also  be  monitored . 

Ihe  irradiation  chamber  has  an  internal  diameter 
of  460  irm  and  is  37(j)  irni  high  and  may  be  baked  un¬ 
der  vacuum  at  70®C  ahd  is  continuously  flushed 
with  dry  nitrogen  gas  when  at  atmospheric  pres¬ 
sure  .  It  incorporates  cryogenic  panels  and^^e 
pressure  may  be  maintained  at  about  2  x  10  torr 
for  long  periods,  the  residual  atmosphere  being 
monitored  xxg  to  mass  number  60  with  a  quadripole 
mass  spectrometer. 

Samples  for  irradiation  are  usually  in  the  form 
of  140  Rtn  diameter  circles  of  material  having  pro¬ 
jections  for  electrical  connections.  The  sanples 
are  held  horizontally  and  the  Icwier  surface  is 
alminised  to  form  a  central  current  collector 
which  is  surrounded  by  an  uncoated  strip  of  mate¬ 
rial  and  an  outer  concentric  guard  ring.  The  sam¬ 
ple  holder  is  a  coEper  block  through  which  water 
may  be  purged  fran  a  thermostatically  controlled 
unit  to  maintain  the  sanple  at  tenperatures  from 
arrbient  up  to  75^C,  or  it  may  be  filled  with  li¬ 
quid  nitrogen  to  give  a  sample  temperature  of 
-178  +  ^C. 

The  electron  gun  is  a  triode  unit  mounted  verti¬ 
cally  above  the  top  of  the  vacuum  chamber.  It 
Qiplcys  thermionic  onission  from  a  tungsten  fila¬ 
ment  giving  an  anitting  area  of  23  itm  diameter  . 

The  electron  beam  diverges  as  it  accelerates  to¬ 
wards  the  earthed  anode  located  120  mn  above  the 
sanple  ard  the  accelerating  voltage  is  continuous¬ 
ly  variable  from  3  to  30  kV.  The  beam  distribu¬ 
tion  which  is  constant  to  within  30%  is  determi¬ 
ned  by  a  rotatable  multipoint  collector  which  can 
be  substituted  for  the  sanple  holder.  During  the 
irradiation  of  scorples  the  beam  flux  is  conti¬ 
nuously  monitored  by  a  wire  grid  vdiich  collects 
5%  of  the  beam  incident  on  the  sanple. 

The  surface  voltage  profiles  of  sanples  are  mea¬ 
sured  with  an  electrostatic  feedback  voltmeter 
(Trdc  Inc.,  moder  340HV)  using  a  probe  (type 
4031S)  swej^  about  3  irm  above  the  surface  of  tlio 


material.  The  prc±>e  passes  over  an  earthed  refe¬ 
rence  zone  at  each  end  of  the  sweep  which  takes 
12  seconds. 

The  leakage  current  from  samples  is  measured  by 
connecting  the  sanple  to  earth  via  an  electrcme- 
ter  (Keithley  Instruments  Ltd.,  ncdel  6 IOC)  and 
the  output  is  displayed  on  a  potenticnetric  re¬ 
corder  which  also  provides  a  measure  of  the  fre¬ 
quency  of  current  pulses  from  the  sanple.  The 
magnitude  and  ^ape  of  these  pulses  are  obtained 
with  an  inductively  coupled  current  prcfoe  (Tek¬ 
tronix  Inc.,  model  P  6302)  the  output  of  which 
is  displayed  on  a  100  MHz  oscilloscope  (Tektronix 
model  466) .  The  electromagnetic  radiation  associ¬ 
ated  with  the  discharges  is  monitored  with  a  cir¬ 
cular  loop  antenna  mounted  adjacent  to  the  sam¬ 
ple.  The  voltage  induced  in  the  loop  is  displayed 
on  a  second  model  466  oscillosccpe  triggered  se¬ 
parately  , 

‘7.  ESTTSC  MATERIALS  SECTION  "BISE"  SMJtATION 
CHAMBER. 

The  Bise  chaiTt)er  is  a  combined  irradiation  cham¬ 
ber  which  is  equipped  for  simultaneous  particle 
and  ultra-violet  irradiation.  Fig.  15  shews  the 
main  elements  of  this  facility,  viz.: 

-  proton  source, 

-  electron  source, 

-  ultra-violet  irradiation  source, 

-  vacuum  chamber, 

-  in-situ  measuring  system. 

Proton  Source 

The  proton  source  consists  of  a  'Samis’  higlji 
frequency  generator  which  produces  H  and  D 
ions.  A  hydrogen  plasma  is  ionised  by  free  elec¬ 
trons  which  oscillate  with  an  electrcmagenetic 
field  induced  by  a  100  MHz  oscillator. 

The  extracted  beam  consists  of  80%  mono-atcmic 
and  20%  diatcmic  ions.  The  ions  are  accelerated 
by  means  of  a  stabilised  power  supply  (0  to  50kV) 
and  analysed  by  an  electro-magnet  which  permits 
separation  of  protons  from  molecular  ions .  Before 
entering  the  transfer  system,  the  protons  pass 
through  a  cryogenic  trap  vAiich  condenses  volatile 
materials .  J 

Electron  Source 

Hie  electron  source  is  a  'Sames'  elytron  gun 
with  a  directly  heated  filament.  The  energy  range 
is  0  to  50  KeV  with  a  maximum  current  of  100  mA. 

Transfer  Syst^ 

Tlie  transfer  system  deviates  the  protons  into  the 
deflection  system  and  eliminates  the  reconbined 
molecules  fron  the  beam.  Simultaneously,  the 
electrons  can  be  transferred  through  the  lower 
channel  of  the  system. 

Deflection  System 

Both  protons  and  electrons  are  scanned  over  the 
target  area  by  two  alternating  electric  fields 
(E  and  E^)  which  are  diagonally  opposed  to  each 
other .  The  scanning  frequency  is  approximately 
1000  Hz  with  a  phase  difference  in  the  order 
of  80  Hz  tictween  and  E^ . 


10"^torr 

2  X  10"^  torr  2  3 

10^.... 5  x  10  ^  n 
400...,  3000^ 

2  . lOOeV 

3  . 22  km/sec 

0. ....3.5  gauss 
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better  than  10“"torr  is^ 

2la  !^}sis°of^ 

the  saiple-holder  durSq  a  capacity  of 

(2  by  2  an) .  ^  21  sanples 

S«  wS'SSJi;  ST“‘“  ‘““-  «*>  i»- 

tential  probe  (tyiilv^4Mia  ^  PO- 

(o'^lo  WK 

Penti^  ^"axe^I^se^iL^®^™ 

X  ^  Y  directions  Le  ^uS 

nel  on  which  the  sphere's  Doq-n-inn  a  relay  pa- 

in  ccorainates  reLtl^e^tTSI^L^Ii^^ 

5of??2"on"tte1e?s^lT^^ 

high  tension  feedthr^nr*^”^  ^  provided  with  a 

s.-L? H 

r^Peotlvely)  wre  nSS'^rthTl-flv^;^"? 

honogeneity  measurements  over  the  sanple  h^dS! 

ilr™ - 

high-tension°feSte5S^^iouSS!®''^"®''^®'^^ 

le^age  current  is  measured  by  connec- 
on  a  recorder.  This  records^  <  ^  displayed 

nSSr'S^S4«!“  “ 

SJSw’*?  IB  p„«c- 

to  grL^!^  ‘  the  pulse  directly 

loscope  to  measure  the  dischargfSls?  ^ 

UV  irradiation  source  can  be  nf  1 1  t  c-^t  4- 
dy  solar  illumination  effe^te.  to  stu- 

In^conclusion,  the  test  data  conpiles: 

-  surface  potential  or  potential  profiles 

-  sanple  to  holder  current  (leakage  current) 

-  discharge  pulse  (shape  and  magnitu^  ’ 


-  total  discharge  rate, 

■  SS.iSr“"  •"  l^otwaphy  aurl,„ 

— illumination  effects , 

-  temperature  effects. 

8.  THE  DERTS  EtECTROSTATIC  CHARGING  FACILITY 
Genjaral  Ree^^rgngntsjfor  Substorm  Simulafir,. 

tron  gun  and  directed  to  =«  tjy  an  elec: 

The  transmitted  ®”  aluminium  thin  foil. 

Sitf fSo  f 2^J;^  to  irra: 

geneit^.  ^“^tace  with  a  good  hano- 

S  .Sn^cS  ^--ttted  beam  is  no  Ion- 
measurfriH  energy  spectrum  has  been 

spect^  is  widened  in  the  range  of  the  To,, 
ocbeM  to  th.  dlteot  ptl„^  S. 

p“t“3rSSSHs~ 

dlation  under  vacuun  at  controlled  tertperature!''^~ 

sunulation  chamber  used  at  nFpmc?  ^  ^ 
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to  25  keV;.vd.th  fluxes  at  the  sanple  level  up  to 
10  nA  An  aluminum  foil  l,2y  m  thick  is  used 

in  order  to  scatter  the  electrons . 

•Ihe  sac®)le  holder  is  made  up  of  4  plates  (200  x 
200)imir  each  maintained  at  fixed  tenperature  with 
a  circulating  fluid.  Ihis  holder  is  fixed  onto  a 
rotating  shaft  allowing  the  presentation  of  any 
of  the  four  plates  in  front  of  the  energetic  elec¬ 
tron  beam.  In  normal  conditions,  two  faces  can 
receive  sanples,  the  two  others  being  used  as 
Faraday  cup  holder,  energy  and  surface  potential 
measurement  calibration  systems. 

TWO  samples  of  (200  x  200)  ran  can  be  tested 
vfithout  opening  the  chamber  so  as  to  perform  can- 
parative  tests  on  them. 

TChe  surface  j^tential  is  measured  by  n  fx)tential 
probe  held  a  mechanical  scanner.  An  electronic 
ifiBtrumentatlon  is  fed  by  the  signal  emitted  by 
the  probe  and  moves  with  it  under  vacuum .  A  poten- 
ticmeter  systan  yields  its  verUcal  position  and 
allows  recording  on  a  X-Y  plotter  the  surface  po¬ 
tential  profile  of  the  electridally  charged  coa¬ 
ting. 

Configuration  (Fig.  18) 

Scope:  In  ord^  to  assess  sane  toic  properties 
such  as  secandary  emission,  surface  lealcage  and 
volute  leakage  (the  three  manners  electrons  can 
escape  from  the  irradiated  surface  sartple)  a  spe¬ 
cial  setting  w^  designed  called  **MEIiESE"  (Mesure 
d'ElLBctroins  SB«)ndaires) . 


Figure!:  GEOS  in  the  ESTEC  Dynamic  rest  Chamber 


It  varies  froii  the  "CEDRK"  oonfigiuratlon  by  an 
hemispheric  electrode  suinroundlng  tlie  irradiated 
sample  witli  a  solid  angle  very  near  of  2  it. 

The  secondary  electrons  can  be  measured  together 
with  the  backscattered  electrons  by  means  of  a 
collecting  hemispheric  electrode  1)  surrOTinding 
the  irradiated  area. 

The  fixation  system  of  tlie  sample  allows  rt^asure- 
ment  of  the  surface  leakage  current  on  a  circular 
ring  3)  on  tlie  sairple  surface  but  out  of  the  irra¬ 
diated  area.  A  guard  circi:lar  ring  electrically 
insulated  frctn  the  ring  3)  by  a  125  microneter 
thick  FEP  film  cavers  the  whole  ring  31 .  Note  that 
in  case  of  measuranents  using  electrodes  3)  and 
5),  the  sample  under  irradiation  is  grounded  by 
its  perirtery.  However  it  is  possible  to  discon¬ 
nect  fran  ground  the  rings  3)  and  5)  in  order  to 
provide  a  sample  grounding  only  by  its  back  face. 

The  coating  is  fixed  onto  a  it^tallic  plate  2) 
which  is  grounded  to  earth  by  means  of  a  nahoam- 
meter  giving  the  volrnie  leakage  current  ,  plus  the 
capacitor  charging  current.  1),  3)  and  5)  are 
also  grounded  by  means  of  ottier  nanoanmeters .  All 
tlie  currents  are  simultaneously  recorded. 

Two  fixed  Fciraday  cups  4)  are  used  to  continuously 
monitor  the  electron  fluj:  during  the  irradiation. 

Under  certain  circumstances,  a  current  measured 
on  a  metallic  plate  6)  next  to  the  sample  b^'  set 
back  fran  the  sample  surface  needs  also  to  be 
measured. 


Fujure  2:  MFTFOSAT  Model  during  Fleotvon 
Irradiation  (White  on  eentrnl  band 

are  disehargen ) 
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Figure  14:  Schematic  view  o/  Freiburg  Facility 


Figure  U;  Irradiation  Facility  at  T.r.U.  Freiburg 


F'tguve  17:  Sohewati-c  vz-CW  of  D,E.R.T»S^  *^CEDRE^^  Chconbev 
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Figure  18:  Schematic  view  of  D,E.R,T.S,  "MELESE"  Configuration 
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SURFACE  DISCHARGE  ARC  PROPAGATION  AND  DAMAGE  ON  SPACECRAFT  DIELECTRICS 

K  G  Balmain 
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Department  of  Electrical  Engineering,  Toronto,  Canada 


ABSTRACT 

The  propagation  of  a  surface  discharge  arc  or  flash- 
over.  on  dielectrics  such  as  Mylar,  Teflon  and  Kap- 
ton  is  the  mechanism  by  which  10-30  keV  deposited 
electronic  charge  is  mobilized  to  produce  damaging 
arc  current  densities.  A  propagation  mechanism  is 
discussed,  in  which  the  progress  of  the  surface  arc  ’ 
is  controlled  by  the  rate  of  removal  of  excess 
charge  along  filamentary  tunnels  filled  with  an 
overdense  plasma  of  ionized  discharge  debris.  Sup¬ 
porting  evidence  is  drawn  from  area- scaling  measure¬ 
ments  of  discharge  electrical  properties,  and  from 
microscope  photographs  of  permanent  damage  in  the 
form  of  sub- mi Cron- diameter  subsurface  tunnels  and 
surface  grooves. 

Keywords:  Dielectric  Arc  Propagation,  Dielectric 
Arc  Damage,  Dielectric  Flashover,  Spacecraft  Dis¬ 
charge,  Spacecraft  Charging. 


1.  INTRODUCTION 

Spacecraft  charging  by  incident  energetic  electrons 
and  consequent  arc  discharging  are  now  reasonably 
well-established  phenomena  (Refs.  1-4)  which  appar¬ 
ently  have  caused  synchronous- orb  it  satellites  to 
exhibit  various  types  of  operational  anomalies.  To 
date,  retrieval  of  synchronous -orb it  spacecraft  has 
not  been  possible,  so  the  relevant  experimental 
research  results  have  come  largely  from  ground- 
based  laboratories.  These  measurements  have  shown 
that  the  incident  electrons  become  embedded  a  few 
microns  beneath  the  surface  of  any  exposed  dielec¬ 
tric  materials  on  the  spacecraft  outer  surface. 

When  a  sufficient  charge  has  accumulated,  break¬ 
down  occurs  and  propagates  swiftly  over  the  charged 
region  as  a  surface  "flashover".  This  discharge 
is  accompanied  by  electron  ejection  with  correspon¬ 
ding  replacement  current  flow  into  the  interior  of 
the  spacecraft,  current  which  very  probably  can 
reach  peak  values  of  hundreds  of  amperes  for  diel¬ 
ectric  sheet  areas  of  the  order  of  one  square  meter. 

laboratory  measurements  of  the  replacement  current 
pulses  resulting  from  these  discharges  have  shown 
that  the  peak  current  and  as  well  the  released 
charge,  pulse  duration  and  energy  dissipated  in  a 
load  resistor  all  follow  well-defined  scaling  laws 
as  the  specimen  area  is  varied  (Refs.  5,6,7),  and 
furthermore  these  scaling  laws  are  similar  for 
Kapton,  Teflon  and  Mylar  (Ref.  8) .  For  example, 
the  peak  discharge  current  has  been  found  to  scale 
in  proportion  to  the  area  raised  to  the  power  0.5 


-approximately,  or  in  other  words  0.5  is  the  slope 
of  the  corresponding  log- log  graph  of  peak  current 
versus  area.  Similarly  the  log- log  graphs  of  re¬ 
leased  charge,  pulse  duration  and  energy  dissipa¬ 
ted  in  a  load  resistor  respectively  exhibit  slopes 
of  1.0,  0.5  and  1,5  approximately. 

Discharge  surface  damage  has  also  been  identified 
on  Kapton,  Mylar  and  Teflon  (Refs.  6, 7, 8, 9).  This 
damage  takes  the  form  of  surface  grooves,  subsur¬ 
face  tunnels,  "punch through"  holes,  and  "blowout" 
holes.  The  appearance  pf  this  damage  and  the 
lightning-like  appearance  of  the  light  emitted  from 
a  flashover  arc  suggest  that  the  discharge  arc 
propagates  across  the  dielectric  surface,  and  the 
velocity  of  propagation  has  been  estimated  (Refs. 
6,8)  by  dividing  the  specimen  radius  by  the  pulse 
duration,  giving  approximately  3x10^  m/s.  The 
discharge  propagation  mechanism  has  been  postula¬ 
ted  to  be  due  to  "electron-hopping"  (Ref.  10),  to 
be  controlled  by  the  inductance  and  capacitance  of 
a  conducting  channel  (Ref.  11),  and  to  involve 
wave  propagation  along  a  plasma  channel  (Ref.  8). 

This  study  contains  a  further  examination  of  the 
plasma  channel  propagation  concept,  and  includes 
additional  evidence  in  the  form  of  photographs  of 
damage  patterns  all  having  the  forms  of  surface 
or  subsurface  channels. 


2.  THE  PLASMA  CHANNEL 

That  a  discharge  in  a  solid  dielectric  could  de¬ 
velop  in  the  form  of  a  plasma  channel  was  argued 
in  considerable  detail  by  Budenstein  (Ref.  12), 
but  the  velocity  of  propagation  of  the  arc  is  yet 
to  be  explained.  Whatever  the  mechanism  for  prop¬ 
agation,  the  existence  of  a  finite  velocity  is 
probably  what  determines  the  0.5  slope  of  the  peak 
current  versus  area  curve.  This  can  be  seen  by 
imagining  the  discharge  to  be  in  the  form  of  a 
wave  expanding  from  an  ignition  point,  the  resul¬ 
tant  replacement  current  being  proportional  to  the 
length  of  the  wavefront.  Clearly  the  maximum 
length  of  the  wavefront  is  proportional  to  the 
linear  dimensions  of  the  specimen  or  in  other  words 
proportional  to  the  square  root  of  the  area  as  ob¬ 
served.  It  would  appear  that  an  arc  discharge 
propagating  along  straight,  branching  path^  pro¬ 
duces  the  same  area-scaling  effect. 

To  devise  a  model  for  discharge  propagation,  one 
must  first  take  note  of  the  experimental  config¬ 
uration  shown  in  Figure  1.  The  charged  area  on 


Proccetthms  of  an  ESA  Syniiu>sinin  on  Siuunrafi  MatirialsJwhf  at  ESTEC  2-5  0cf(>htr  1979  ESA  SPAA^  {niurmln'r  1979). 
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the  dielectric  sheet  is  defined  tight-fitting 

metal  mask  which  has  a  bevelled  edge  to  reduce  emit- 
ted-electron  interception.  The  incident  electrons 
become  embedded  in  a  diffuse  layer  5  to  8  ym  e  ow 
the  surface,  with  resultant  high  electric  field 
being  set  up  both  above  and  below  the  charge  layer 
(Refs.  13,14)  and  adjacent  to  the  mask  edge.  Break¬ 
down  can  be  initiated  at  any  high-field  point,  re¬ 
sulting  in  a  punchthrough  arc  to  the  substrate 
(bulk  breakdown),  a  blowoff  arc  to  the  surface  or 
a  flashover  arc  consisting  of  a  propagating  subsur 
face  discharge  terminating  in  either  a  blowout  hole 
or  a  punchthrough  hole. 

Such  a  propagating  subsurface  discharge  is  sketched 
in  Figure  2.  It  is  postulated  that  enough  energy 
is  released  in  the  breakdown  process  to  maintain 
a  plasma  channel  of  ionized  debris  connecting  the 
point  of  discharge  to  the  outside  vacui^  region 
Because  breakdown  requires  a  high  local  fiel  ,  i 
is  further  postulated  that  the  excess  charge  must  be 
removed  via  the  plasma  channel  before  each  step  in 
the  breakdovm  process  can  proceed.  The  extent  ot 
the  high  field  region  ahead  of  the  point  of  dis¬ 
charge  should  be  about  the  same  as  the  distance 
travelled  by  the  excess  charge  along  the  channel, 
in  a  given  time  interval,  so  that  the  velocity  of 
propagation  of  the  discharge  should  bo  approxima 
tely  equal  to  the  velocity  of  propagation  of  the 
excess  charge  along  the  plasma  channel. 

In  earlier  work  (Ref.  8)  it  was  noted  that  an  elec¬ 
tromagnetic  wave  on  a  highly  conducting  channel 
over  a  highly  conducting  ground  plane  would  prop¬ 
agate  at  the  velocity  of  light  in  the  dielectric 
medium,  but  the  observed  velocity  appears  to  be 
almost  three  orders  of  magnitude  lower.  It  was 
postulated  in  the  earlier  work  that  the  required 
wave  slowing  could  be  produced  by  the  added  induc¬ 
tance  per  unit  length  provided  by  an  oyerdense 
plasma  channel,  the  inductance  per  unit  length 
contributed  by  the  plasma  being 

I  = 

P  ira^c  (i)^  ita^Ne^ 

Op  , 

for  a  plasma  relative  permittivity  given  by 

.0=1 


-  27Ta/lnC2h/a)  ^ 

''P  "  P 


«  2/2  TT  a  f 


.  9  a  f 

P 

in  which  the  values  e,  =  3,  h  =  6x10  m  c 

3x10"^  m  have  been  used.  Thus  a  velocity  of  3x10 
m/s  would  be  produced  by  a  plasma  frequency  fp  of 
100  GHz,  corresponding  to  an  electron  density  of 
approximately  10^^  m~  . 

The  above  calculation  involves  both  elementary 
transmission- line  theory  and  the  inclusion  of  the 
ground  plane.  Conceivably  these  two  constraints 
might  in  some  way  limit  the  accuracy  of  the  calcu¬ 
lated  results,  so  there  is  reason  to  consider  pro¬ 
pagation  along  a  cylindrical  plasma  channel  of 
radius  *’a”  and  with  relative  permittivity  = 
l-(ij2/w2  «  -ui2/w2  inside  an  infinite  dielectric  of 
rel&tive  permittivity  ea*  azimuthally  symme¬ 

tric  Bessel-function  TM  solution  is  appropriate 
(Ref.  15)  and  its  longitudinal  electric  field  is 


^(Ypp)  P<a 

(8) 

:o(YdP)  P>a 
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'  =  .  k  “w/p^e  € 

(10) 

p  '  p  0  0  P 
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(11) 

The  procedure  of  matching  all  tangential  fields 

VV>-  . 
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P=8  gives  Ypa  d  ^  iqr7^(12) 

On  the  assumption  that  a  is  small,  the  small- arg¬ 
ument  and  overdense-plasma  approximations  give 
for  equation  (12) 

- i  =  (Y^a)^lnCY^a)  (1^) 


z  ^  in  the  overdense  case 


in  which  w  is  the  wave  frequency 
an  exp(jait)  time  variation,  up  =  (Ne  /mtp)  y  j" 
plasma  frequency.  N  is  the  electron  density  y  ), 
e  is  the  electron  charge  magnitude  (coul.),  m  is 
the  electron  mass  (kg.),  a  is  the  channel  radius 
and  c„  is  the  permittivity  of  a  vacuum.  It  was  in- 
dUated  in  the  earlier  work  that  the  other  contri¬ 
butions  to  the  inductance  per  unit  length  were  neg¬ 
ligible,  and  therefore  that  the  propagation  vel- 
ocity  is 

.  _  1  (4) 


where  C  is  the  capacitance  per  unit  length  giy"  ^ 
C  =  2it£/[cosh-ih/a],  h  being  the  height  of  the  pla¬ 
sma  channel  over  the  ground  plane  and  e=£o€d 
the  dielectric  permittivity.  Taking  the  logarithm 
approximation  for  cosh"!  and  setting  u)p=2ivfp  gives 


Also,  (11)  can  be  written  as 
2  2  . 

“2  '  J  "d  ^d 


To  a  first  order  of  approximation,  the  slowly 
varying  -ln(Yda)  can  be  set  equal  to  a  constant  M 
lying  in  the  range  4.6  to  9.2  for  values  of  Yd® 
in  the  range  iO-^to  10-\  Tims  (13)  becomes 

M  2  d 


Eliminating  Yd  gives 


The  term  involving  the  velocity  of  light  c  is  neg¬ 
ligible,  so  that  the  plasma  channel  propagation 
velocity  is  given  by 
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or  forM.8,  Vp=7  a  fp  (Ig;, 

which  is  almost  identical  to  equation  (7).  Settinr 
the  logarithm  in  (13)  equal  to  a  constant  implies 
the  disregard  of  a  small  amount  of  wave  dispersion 
and  therefore  the  disregard  of  a  small  amount  of 
resultant  pulse  distortion  as  the  wave  propagates. 

It  is  therefore  clear  that  the  use  of  transmission- 
line  theory  and  tlic  consideration  of  a  nearby  ground 
plane  do  not  unduly  restrict  the  original  simplified 
analysis  (Ref,  8),  so  that  comparison  with  other 
theories  (eg.  Ref.  16)  may  be  facilitated. 

3 .  SURFACE  DAMAGE 

In  the  manner  indicated  in  Figure  1,  specimens  of 
Kapton  H,  FEP  Teflon  and  Mylar  were  exposed  to  a 
20  kV  electron  beam  of  ±15%  worst-case  nonuniform¬ 
ity  over  the  aperture  and  current  density  of  80  nA/ 
cm  .  This  current  density  is  at  least  an  order  of 
magnitude  higher  than  at  synchronous  orbit  and  was 
chosen  in  part  to  produce  a  high  enough  discharge 
repetition  rate  for  convenient  pulse  averaging. 
Experiments  suggested  no  significant  change  iti* in¬ 
dividual  discharge  pulse  properties  from  current 
densities  of  10  pA/cm^  down  to  75  nA/cm^,  but  more 
recent  results  (Ref.  17)  suggest  possible  current 
density  dependence  of  released  charge  and  peak  cur¬ 
rent  below  8  nA/cm  . 


melting  of  the  Mylar. 


4.  CONCLUSIONS 

Damage  photographs  on  Kapton,  Teflon  and  Mylar  con¬ 
sistently  reveal  channel- like  patterns.  The  sub¬ 
surface  channels  (or  tunnels)  are  always  irregular 
and  often  result  in  surface  heaving  and  cracking 
with  occasional  blowout  holes.  The  surface  chan¬ 
nels  arc  usually  grooves  in  a  pattern  of  straight 
branching  lines  suggesting  surface  crystallization 
effects,  but  sometimes  an  irregular  leafy  pattern 
of  surface  grooves  cun  be  seen  interspersed  among¬ 
st  the  straight  grooves.  Surface  grooving  on 
Teflon  can  sometimes  be  seen  in  microscopic  exam¬ 
ination  but  the  grooves  are  too  faint  to  photo¬ 
graph  well. 

D^age  in  the  form  of  channels  suggests  the  ejec¬ 
tion  of  ionized  discharge  debris  along  these  chan¬ 
nels,  especially  in  the  case  of  tunnels.  It  is 
postulated  that  the  rate  of  excess  charge  removal 
along  the  plasma  channel  determines  the  rate  at 
which  the  discharge  is  permitted  to  progress,  and 
that  the  transport  of  charge  along  the  channel  in¬ 
volves  an  approximately  dispersion less  wave  prop¬ 
agation  mode  which  is  much  slower  than  the  vel¬ 
ocity  of  light.  It  is  shown  that  this  mode  can 
propagate  in  the  case  of  an  overdense  plasma,  and 
that  the  presence  of  a  nearby  ground  plane  does 
not  strongly  influence  the  properties  of  the  mode. 


A  typical  arc  discharge  is  shown  in  Figure  3.  In 
general,  every  arc  on  a  given  specimen  exhibited  a 
different  pattern  compared  to  all  other  arcs, 
although  some  parts  of  an  arc  might  repeat,  espec¬ 
ially  near  an  edge.  In  addition,  when  punchthrough 
holes  occurred,  they  repeatedly  formed  bright  focal 
points  for  the  discharges. 

The  Kapton  damage  photographs  were  all  taken  on  a 
single  specimen  75  pm  thick  which  had  been  subjected 
to  11  discharges.  Figure  4  shows  a  groove  disap¬ 
pearing  into  a  heaved-surface  tunnel,  indicating 
that  groove  and  tunnel  damage  both  result  from  the 
some  basic  physical  process.  Figure  5  includes  the 
area  of  Figure  4  in  its  lower  right  quadrant  and 
shows  that  the  heaved-surface  tunnel  comprises  a 
narrow  central  channel  bordered  by  a  damaged  fringe. 
Figures  6  and  7  show  surface  grooves  crossing  heav¬ 
ed-surface  tunnels,  while  Figures  8  and  9  for  the 
same  region  show  additional  tunnels  with  no  surface 
heaving . 

The  Teflon  specimen  examined  was  50  pm  thick  and 
had  been  subjected  to  9  discharges,  but  neverthe¬ 
less  damage  was  difficult  to  find  except  at  a  punclv 
through  and  near  an  edge.  The  latter  damage  is 
shown  in  Figure  10  in  which  discharge  tunnel  heaving 
and  cracking  is  clearly  evident. 

The  Mylar  s])cciincn  tested  wu.s  75  pm  thick  and  had 
been  subjected  to  12  discharges,  resulting  in  dam¬ 
age  which  was  relatively  easy  to  find.  Figures  11 
and  i:i,  taken  near  the  mask  edge,  show  a  variety  of 
surface  patterns  which  are  displayed  at  higher  mag¬ 
nification  in  Figures  13  and  14.  Figure  15  is  a 
good  example  of  a  branched  groove  crossing  a  heaved- 
surface  tunnel,  while  Figure  16  shows  both  straight 
grooves  and  a  leafy  pattern  of  irregular  grooves. 
Finally,  Figures  17,  18  and  19  provide  close-up 
views  of  blowout  holes  in  a  heaved-surface  tunnel, 
the  appearance  of  the  holes  suggesting  localized 
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Figure  1.  Possible  charging  and  discharging 
phenomena:  a)  punch through  arc  with  top  surface 
of  dielectric  blown  off,  b)  blowoff  arc  to  sur¬ 
face,  c)  flashover  arc  or  propagating  subsurface 
discharge,  d)  ejected  electrons  going  to  chaanber 
wall,  e)  ejected  electrons  going  to  mask. 


Blowout 


Surface 


High-field  point. 

•  *  1  I  Embedded 

I  /  Point  of  breakdown. 

Ionized  debris  (plasma  channel) 

I  with  excess  electrons. 

Metal  Substrate. 


Figure  2.  The  propagation  of  a  breakdown  chan¬ 
nel  through  a  subsurface  layer  of  electrons 
embedded  in  a  dielectric  sheet. 


Figure  5.;  Kapton;  reflected  light. 


Figure  7.  Kapton;  scanning  electron  microscope. 
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ABSTRACT/RESUME 

Previous  analyses  of  spacecraft  charging  under 
electron  and  ion  bombardment  are  discussed  brief¬ 
ly  and  shown  to  be  inconsistent  with  recent  ex¬ 
perimental  data.  The  processes  underlying  charge 
equilibriation  in  insulators  under  electron  bom¬ 
bardment,  which  include  backscattering,  secondary 
anission  and  radiation- induced  conductivity,  are 
reviewed.  It  is  shown  that  the  contribution  of 
each  of  these  processes  is  not  unequivocally 
established.  The  observed  discharges  are  dis¬ 
cussed  in  terms  of  a  demonstreible  dependence  of 
insulator  electrical  breakdown  on  indeteirminate 
structural  defects  or  impurities.  The  conceptual 
conditions  for  minimising  charge  levels  are 
discussed  but  the  prime  conclusion  is,  however, 
that  further  experimental  investigation  must 
precede  practical  solutions. 

Keywords:  Spacecraft  charging,  insulators,  electron 
bombardment,  secondary  emission,  radiation, discharges 


1.  INTRODUCTICW 

Numerous  spacecraft  operational  anomolies  attributed 
to  surface  charging  and  subsequent  discharge 
effects  have  justified  considerable  effort  on 
modelling  these  phenomena. 

The  aim  in  the  derivation  of  a  theoretical  model  is 
to  describe  the  charging  of  highly  insulating 
materials  under  irradiation  by  electron  or  ion 
beams  of  prescribed  energy  and  flux  ranges. 

Charging  rates  and  surface  potentials  must  be 
predictable  in  terms  of  recognised,  or  determinable, 
materials  parameters  and  the  characteristics  of 
the  incident  radiation  and  emitted  electrons.  The 
charge  and  energy  deposition  profiles,  and  hence, 
the  internal  electric  fields,  must  be  calculable, 
the  objective  being  the  delineation  of  the  prime 
parameters  governing  the  probability  and  energy  of 
electrical  discharges  within  the  material,  hence, 
yielding  the  possibility  of  controlling  these 
phenomena  by  materials  or  structural  modification. 

Several  theoretical  analyses  of  electron  bombard¬ 
ment  charging  have  been  made  and  these  previous 
models  of  the  charging  process  are  assessed  and 
the  underlying  processes  of  interaction  of  energetic 
electrons  with  materials  reviewed  in  the  present 


paper.  Ion  interactions  are  also  reviewed 
briefly  and  the  r6le  of  radiation  induced 
conductivity  in  the  charge  equilibration  process 
is  discussed. 

Attainable  accuracies  in  modelling  the  detailed 
physical  processes  must  be  tempered  by  the  aware¬ 
ness  of  the  significance  of  largely  unpredictable 
impurities  on  the  electrical  properties  of 
insulators  particularly  electrical  breakdown. 

Emergent  novel  model  concepts  are  presented  which 
indicate  possible  means  of  control.  The  prime 
conclusion  is,  however,  that  further  experimental 
investigation  of  the  basic  interactions  must  pre¬ 
cede  realistic  solution. 

2.  THE  INTERACTION  OF  CHARGED  SPECIES 
WITH  INSULATORS 

Despite  considerable  research  motivated  by  the 
development  of  techniques  such  as  scanning  electron 
microscopy  and  the  advent  of  practical  devices  - 
electrets  -  based  on  electron  irradiation,  the 
basic  processes  involved  in  the  charging  of 
insulators  are  poorly  understood.  The  several 
mechanisms  involved  in  the  interaction  of  energetic 
electrons  with  solids,  represented  schematically 
in  Fig.  1  together  with  their  conventional 
detection  methods,  are  well  recognised  but  the 
significance  of  each  to  the  charging  of  insulators 
has  not  been  unequivocally  established.  Models 
of  the  charging  process  are  therefore  necessarily 
approximate . 


2.1  Models  of  Electron  Beam  charging  of  Insulators 

The  charging  process  is  generally  considered 
capacitative ,  that  is,  the  charge  results  from  a 
nett  current  difference  between  the  incident  elec¬ 
tron  flux  and  the  total  dissipative  current  comp¬ 
rising  the  electron  back-scattering  and  secondary 
emissive  processes,  and  the  neutralising  elect¬ 
rical  conductivity  of  the  materials. 

The  rate  of  surface  potential  increase  of  a 
material  of  capacitance,  C,  per  unit  area,  is 
given  by: 

dVg  _  i  / 

dt  C  ^i  ^bs  "  ^se  ^c^' 

where,  jj|^,  incident,  back- 

scattered,  secondary  emitted  and  material  conduc- 
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tion  current  densities,  respectively.  The 
inadequacies  of  current  models  generally  arise 
owing  to  improper  description  of  the  physical 
processes  underlying  these  disparate  interactions. 
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Figure  1,  Representational  diagram  of  interaction 
of  energetic  electrons  with  a  solid 
(after  Beaman  and  Asasi  (Ref,  1). 

The  significant  effect  of  the  surface  charge  on  the 
incoming  electrons  has  been  ignored  (Ref.  2)  or 
Inadequately  described  (Ref  3,  4),  a  uniform  volume 
density  of  charge  having  been  assumed  and  an  in 
correct  description  given  for  the  incoming  current, 
respectively.  Beers  et.al. (Ref.4)  pointed  out  that 
the  primary  current  is  not  reduced  by  the  surface 
charge  field  as  described  by  Purvis  et  al.  Both 
models,  however,  effectively  assume  that  equil¬ 
ibrium  is  attained  when  the  energy  of  the  incoming 
electrons  is  zero,  that  is,  when  the  retarding 
surface  charge  field  is  equivalent  to  the  primary 
electron  energy.  This  is  not  the  case.  As  has 
long  been  known,  and  recently  deomonstrated 
experimentally  by  the  author  (Ref.  5) ,  equilibrium 
obtains  in  highly  insulating  materials  largely  when 
dynamic  balance  is  achieved  between  the  incoming  and 
secondary  emitted  electrons. 

Figure  2  shows  the  equilibrium  surface  potential 
measured  for  electron  irradiated  ’Kapton  film 
plotted  against  the  appropriate  electron  energy. 

It  is  evident  that  the  surface  charges  to  a  potential 
representative  of  'second  crossover  energy’,  (see 
Fig.  3)  that  is,  where  the  secondary  emission  co¬ 
efficient  is  unity.  The  equilibrium  surface 
potentials  extracted  from  the  experimental  data 
presented  by  Purvis  et.al. (Ref .3)  also  presented  in 
Fig,  2,  exhibit  precisely  the  same  characteristics. 
This  effect  is  not  described  by  the  present  models. 

It  is  interesting  to  note  that  the  threshold 
surface  potential  is  apparently  different  for 
silvered  and  uncoated  'Kapton'  and  also  for  the 
aluminium  plate.  The  former  difference  may  indicate 
the  influence  of  the  coating  metal  and  a  possible 
avenue  for  controlled  modification  of  the  interact  ion 
The  slope  of  the  plots  in  Fig.  2  are  not  unity  which 
suggestfl  that  a  second  charge  dissipation  procenn 
must  be  Involved.  Clearly,  accurate  mode  1. 1  inq 


requires  proper  discription  of  these  detailed 
processes. 


Figure  2.  Measured  equilibrium  surface  potential 
plotted  against  beam  energy  for  elec¬ 
tron  irradiated  Kapton,  (Ref. 5),  (1) 
silvered  Kapton,  (Ref.3) ,  (2)  and 
aluminium,  (Ref.3),  (3). 

2.2  Backscattering 

For  metals,  the  backscattering  coefficient,  for  a 
normally  incident  beam,  increases  with  target 
atomic  number  but  changes  only  gradually  with 
energy  for  a  given  material  (ref.  6).  The 
coefficient  decreases  slowly  with  increasing 
energy  for  low  atomic  numbers,  the  variation  be¬ 
coming  less  for'  intermediate  materials  (silver) 
and  reversing  for  high  atomic  numbers.  Most  of 
the  data  available  for  polymers  follow  the  earlier 
trend,  being  described  approximately  (Ref.  7) 
by  the  empirical  expression,  n  -  E  being 

the  beam  energy. 

Two  approaches  have  been  made  to  describe  back- 
scattering  in  low  atomic  number  materials  (ref.  8). 
In  one,  a  single,  large-angle  scattering  'process 
has  been  assumed;  while  in  the  other,  the  elec¬ 
trons  penetrate  along  straight  paths  in  high 
atomic  number  materials  until  reaching  a  certain 
depth  whereupon  they  diffuse  again  in  straight 
lines  isotropically  in  all  directions.  Recent 
measurements  suggest  that  both  single  and  dif¬ 
fusion  scattering  must  be  considered. 

In  view  of  the  apparent  significance  of  the  sur¬ 
face  coating  in  charge  equilibration  indicated 
by  the  data  in  Fig.  2,  a  thorough  analysis  of 
backscattering  must  be  included  in  future  models, 

2 . 3  Secondary  Electron  Emission 

Electrons  omitted  from  solids  under  electron  bom¬ 
bardment  usually  have  a  distinctly  bimodal  energy 
dl  r.t  ribul  i  on  .  The  backseat:. t.ered  n.)  ectron 
eru’rrj len  an'  very  similar  to  hhonf‘  of  iho  primary 
olnct.ronn  wlillo  I  hc'  low  otu-rgy,  '  '>o  eV ,  Say, 


tir^ld  fitted  following  ionization  of 

these  secondary  elec- 

sten  second^yl^L- 

fni-Wi  can  far  exceed  unity.  The 

Incident  electron 

energy  is  shown  schematically  in  Fig.  3. 


Figure  3.  Schematic  diagram  of  variation  of 

secondary  emission  yield  as  a  function 
of  beam  energy  showing  E,  and  E2  the 
lirst  and  second  '‘crossover"  energies. 

The  energies  Vi  and  v?  at  which  fi  -  1  i. 

the  ^  wnicn  0  -  1  are  known  as 

thf  ^  second  crossover  points.  Physicallv 

ttese  »ay  be  interpreted  as  the  onset  of  energies 

prijnarv  energy  at  which  the  depth  of 

secondary  e"ectr:n"'"°Por"^':"r  the 

dSirtrao^^d^*^'  ^  provided  by  a 

cause  th^  f  "^5«txve  charge,  however,  could 

briu. 

extracting  field  (Ref.  S)!  ^  ^ 

investigation,  there  is  no 
^mplete  theory  describing  secondary  emission, 

^  secondary  emission  yield  may  be 
ned  in  terms  of  the  primary  energy  by 

“  n  (x,Eo)  f(x)  dx, 

where  n(x,Eo)  is  I  he  number  of  secondary  electron'- 
produced  at  a  distance  x  from  the  surface  ^  thr” 

abiutv  «nd  f(x)  is  tL  prob- 

bility  of  emission  through  that  distance  x. 

eLctron*"**!  to  produce  a  secondary 

!  ‘  loss  per  unit 

path  length  normal,  to  the  surf  ace ,  then : 

n  (x,Eo)  =  -  i  ^ 

6  dx  , 


The  function  f  (x)  may  be  expressed  as: 
f  (x)  =  AB 

t™Ird  fraction  of  electron  diffusing 

^ssiL  h®  surface,  B  is  the  probability  of 
fission  having  arrived  at  the  surface;  and,  L  is 

or  threfllct  '’"^"  "tsorption  of  the  electrons 
„v  ®  “^^Pth.  Penetration  ex- 

?  ®>*99ested  that  the  energy  loss  of 
the  pr^ary  electrons  per  unit  path  length  is 
approximately  constant,  then: 


dE 

dx 


Eo 

R 


S^stlt  if  electrons  of  energy  Eo. 

Substitution  and  integration  yields: 


A  B  Eo  L 
6  R 


(1 


Expressed  in  terms  of  the  maximum  yield,  6  and 
the  energy  for  maximum  emission,  E  ,  this®’'' 
describes  the  universal  yield  curve®which  is 

"'’t  «bol.ly  describe  th. 

range  Of  tlT  T""'  -ProssioL  for  th^ 

range  of  the  primary  electrons  in  terras  of 

materials  parameters  have  been  derived,  (Ref  1) 

T^ically  (Ref.  10),  for  primary  energ;  in 
kilovolts  and  material  density,  p,  in  1  cm-3  ^v. 

R  *  1  m  V  in-6  ..1.35/  1/  XU  grn  cm  ,  then 

■hKo  .3  CTtif  empirically  describes 

the  observed  range  in  alumina. 

chanolnrtw  the  effect  of 

changing  the  angle  of  Incidence  of  the  primary 

modef’'°"^T'‘®  consistent  with  the  escape  depth 
crea.'  "'”''’^^’■'>9  the  angle  of  incidence  de- 
wWcr.w  distance  from  the  surface  at 

the  yield  produced  and  so  increases 

he  yield,  the  increased  yield  with  angle  being 
clearly  larger  for  higher  beam  energieL  ^ 

Trapped  primaries  retard  subsequent  electrons, 
ence,  reducing  their  penetration  and  consequently 
changing  the  secondary  emission  characteristics 
his  escape  depth  concept  may,  therefore,  be 
important  in  describing  the  temporal  growth  of 
charge  particularly  near  equilibrium. 

Such  concept.s  must  be  pursued  in  future  modelling 
but  clearly  more  experimental  data  are  also 
required.  ° 

2.4  Radiation  Induced  Conductivity 

relationship  between  equilibrium 
conductivity,  c  ,  and  irradiation  dor;o  rate  0 
well  establinhnfl  ,(Rnf.  }?,)  ,  j.^.  ^ 

S,  "fK 

fhTf  w  K  ar.d  A  ur..  constants, 

the  latter  u.sually  having  value  botween  0.5  and  1 
There  is  a  wide  spread  in  published  values  for  K 
for  polders  and  measurements  at  low  dose  rates 
generally  yield  lower  values  for  A  than  higher 
dose  rates,  (Ref.  2).  ^ 

The  dose  rate  is  usually  assumed  to  be  constant 
over  the  irradiated  volume  and  given  by  0  =  lo^ 

^  current  density 

(A  cm  2,  and  energy  (v) .  it  is  evident  that  the 
assumed  range  may  be  greatly  overestimated  and. 
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hence,  local  dose  rate  underestimated,  for  a  charg- 
ed  dielectric.  The  radiation  induced  conductivity  ^ 

is  dependent  on  both  dose  rate  and  time ,  the  ^ 

conductivity  increasing  over  a  peri^  of  seconds. 

Little  is  known  about  the  latter  effect, (Ref .  ^ 

however,  but  this  is  again  significant  in  describi  g 
transient  charging  phenomena. 

Charge  leakage  is  confined  to  the  irradiated 
region  which  would  inevitably  be  reduced  as  the 
dielectric  charges.  Circuit  models  based  °n  the 
trapping  of  injected  monoenergetic  electrons 
pla^e  Uyer  at  a  depth  defined  by  the  be^  energy 
teve  been  successful  in  describing  the  observed 
currents.  As  such,  they  may  prove  useful  in 
modelling  the  internal  fields  ®®tablished  within 
the  irradiated  dielectrics,  as  well  as  aiding  the 
description  of  macroscopic  charging  phenomena. 

However,  the  assumption  of  a  uniform  ohmic  conduc 
tivlty  throughout  an  irradiated  volume  defined  by 
the  Initial  beam  energy  must  be  treated  cautious  y. 

2,5  Ion  Bombardment 

There  is  a  paucity  of  infomation  on  the  effect  of 

electron  emission  by  Auger  neutralisation,  which 
ts  f^ilier  for  metals,  (Ref  14) ,  also  occurs  in 
iLr^nic  insulators.  At  higher  energies  pene- 

remain  to  be  established. 

2.6  Klectrical  Breakdown  of  Insulators 

The  intrinsic  electric  strength  of  insulators,  and 
in  particular  synthetic  polymers,  has  long  been 
investigated.  Several  theories  based  variously 
ymal  runawav »  electromechanical  distortion 
or  tr:rsatu"'concepts,  have  been  advocated 
but  the  cataclysmic  breakdown  phenomenon  remains 
but  the  table.  The  latest,  (Ref  16) 

to  some  extent  unpreaicraoj-e. 

tn  the  long  series  of  reports  shows  that  this 
arises  S  to  the  very  great  Influence  of  defects 
if  the  f.lymer  film  on  the  breakdown  process. 

Figure  Tp^sents  experimental  data  showing  the 
nJl^er  of  breakdowns  per  unit  area  a  function  of 
the  applied  electric  stress  for  two  differing 
XpSylene  films.  Such  an  effect  can  only 

result  from  random  non-uniformxties  in  the 

maSrialf  The  whole  range  of  breakdown  stress 

for  these  materials,  however,  is  about  4  to  8 
for  tnese  degree  of  consistency  is 

■eidS/"  re'fi^s  ^accuracy  in  P-dicting^ 
bft^down  in  polymers  must  be  treated  with  caution. 

It  has  been  shown  (Ref.  17)  that  discharge  rate 

under  electron  bombardment  is 

electron  flux  and  that  large  areas  of  dielectric 
are  apparently  discharged  in  single  events. 

Grounding  any  surface  metallisation  causes  little 
rSuefion  in^discharge  activity  -^^hough  reducing 
moi-al  itsation  loss  from  that  observed  with  ui 
grounded  specimens.  This  effect 

Lom  less  energetic  discharges  consistent  with 

more  local  effects  in  the 

«rosion  of  surface  metallic  rums  oy 
discSes  -  ^th  Within  the  dielectric  and  across- 

the  surface  -  is  commonly  observed  in  capacito  o. 


In  fact,  it  is  a  practice  to  "clear"  thin 
film  capacitors  by  deliberately  breaking  down 
defects  by  overvoltage  application,  thus  promoting 
such  discharge  erosion  of  the  adjacent  electrode^ 
material.  Evidently  the  Incidence  of  discharges 
decreases  at  a  given  electric  stress  following 
such  treatment.  The  initiation  and  energetics  of 
surface  breakdown  effects  are  clearly  also 
unpredictable  being  equally  dependent  on  local 
field  distortions  caused  by  material  defects, 
electrode  irregularities  (where  present)  or  non- 

uniform  charges.  _ . 
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Flaure  4  Plot  of  experimentally  observed  n^ter 
Figure  .  breakdowns  plotted  against  applied 

electric  stress  for  polymer  films. 

3 ,  discussion  -  MINIMISING  CHftRGE  ACQUISITION 

The  analysis  has  shown  several  conceptual  avenues 
which  wiay  be  sensibly  pursued  in  order  to  minimise 

charge  acquisition. 

Increasing  electron-backscatter  by  using  high 
atomic  number  coatings,  for  instance ,  would 
evidently  reduce  electron-dielectric  interaction. 
Likewise,  incorporation  of  electron-retarding 
species  into  the  insulating  materials  would  de 
crease  electron  penetration  for  a  given  incident 
energy,  thereby  raising  the  upper  secondary  emis¬ 
sion  threshold  (second  crossover) .  Since  the 
low  emission  energy  of  secondaries  j 

large  positive  potential  excursions  of  the  surface 
extension  of  the  range  of  secondary  emission 
results  in  reduced  accumulated  charge  densities. 

The  use  of  special  surface  profiles  to  increase 
the  effective  angle  of  incidence  of  the  primary 
electrons  would  also  seem  indicated.  is, 

however,  may  not  be  practicable  owing  to  the 
frequently  over-riding  prime  requirement  of  the 
surfaces  -  optical  reflectivity,  for  instance. 

Increasing  the  insulator  conductivity  to  an 
appropriate  level  would  inhibit  charge  growth. 
However,  the  physical  or  che.-aical 
polymers,  in  general,  radically  ch^ges  wanted 
mechancal  characteristics.  Optimisation 
radiation- Induced  conductivity  may  offer  a 
feasible  dlternative  means. 
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All  the  proposals  are,  however,  somethat 
speculative,  since  there  is  a  dearth  of  information 
on  many  aspects  of  these  interactions. 

.  A  parameter  wholly  ignored  in  most  analysis  is 
temperature.  Certainly,  changes  in  temperature 
have  a  very  great  influence  on  the  electrical 
properties  of  insulators.  The  conductivity  of 
polyiroide,  for  example,  increases  by  an  order  of 
magnitude  between  20°C  and  50°C.  Spacecraft 
surface  materials  can  experience  large  temperature 
excursions  between  sunlight  and  shade.  Very 
different  charge  migration  characteristics  would 
certainly  obtain  at  these  extremes. 

There  appears  to  be  little  data  available  with 
regard  to  the  influence  of  material  temperature  on 
the  charge  acquisition  processes,  although  is  is 
evident  that  there  must  be  some  Influence  on  the 
equilibrium  levels  obtained. 

4.  CONCLUSIONS 

The  present  brief  review  has  underlined  some  of  the 
inadequacies  of  present  simple  models  of  insulator 
charging.  Also,  the  general  lack  of  understanding 
of  the  basic  processes  involved  in  the  interaction 
-  of  ionized  species  with  insulators  -  particularly 
synthetic  polymers  -  has  been  emphasised.  In 
fact,  there  is  a  paucity  of  experimental  data  on 
many^ aspects  arising  probably  owing  to  the 
, ^^^ficulty  in  applying  conventional  techniques  to 
highly.,  insulating  materials. 

A  cautionary  note  must  also  be  introduced  with 
regard  to  attainable  accuracies.  While  an 
individual  experiment  may  provide  an  acceptable  - 
say  5%  -  level  of  accuracy,  it  is  probably 
inevitable  that,  owing  to  the  sensitivity  of  these 
processes  to  Indeterminate  impurities  and  defects 
in  the  materials,  the  degree,  of  reproducibility  for 
multiple  samples  is  far  less.  This  is  certainly 
the  case  with  electrical  breakdown  -  a  factor  of 
two  difference  in  breakdown  stress  is  possible 
between  small  area  specimens  of  the  same  material. 

The  experiments  indicate  that  at  room  temperature 
the  predominant  (but  not  exclusive)  equilibrating 
process  is  that  of  secondary  electron  emission. 

It  has  also  emerged  that  if  a  uniform  charge 
density  on  the  specimen  is  assumed,  then  any 
variation  in  input  current  reflects  the  influence 
of  the  surface  field  on  the  emission  properties 
of  the  source  only.  The  surface  charge  reduces 
only  the  energy  of  the  incoming  electrons. 

An  improved  model  of  the  temporal  growth  of 
surface  charge,  the  equilibrium  surface  potential 
and  internal  fields  must  take  account  of  the  fact 
that; 

1.  The  energy  and  charge  deposition  profiles 
are  influenced  by  temporal  changes  in  the 
volume  and  surface  fields; 

2.  The  secondary  emission  process  and  radia¬ 
tion  induced  conductivity  are  both  space 
and  time  variable  owing  to  these  changes; 

3.  Equilibrium  obtains  when  a  dynamic  balance 
exists  between  the  primary  electron  current 
and  the  several  -  but  predominantly 
secondary  emraission  -  processes  and  not 
through  total  repulsion  of  the  primary 
electrons; 


The  primary  electron  interaction  with 
the  material  may  be  significantly 
influenced  by  surface  films  (either 
deliberate  or  inadvertent) ,  and 

The  indeterminate  defect  properties  of 
polymer  films  play  a  significant  r6le  in 
their  electrical  characteristics 
particularly  electrical  breakdown 
strength. 

The  material  temperature  significantly 
Influences  the  electrical  breakdown 
mechanism  and  may  play  an  important  r6le 
in  the  charge  acquisition  and 
equilibration  process. 
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DISCUSSION 


S.  J.  Bosma  : 

We  at  BSTEC  have  irradiated  aluminised 
^t^  s^les.  In  general,  it  was  found  that 
»r  incadent  energies  lower  than  30  keV, 
^chargip  occurred  over  the  whole  surface  of 
^  s^les,  with  'UAtenberg'  patterns  towards 
energies  hi^ier  than  30  keV, 
dischar^s  were  very  concentrated  at  points  and 
pictures’  .  Do  you  think  that  'dischar*- 
Photogr^^ied  are  caused  by  edge  effects 
on  the  punctures? 


K,  G,  Balmain: 

None  of  the  photographs  shorn  involved 
punatures  through  to  the  substrate^  all  of  these 
es^ei^mnts  have  been  carried  out  using  20  keV 
eleotrom^  We  did  see  some  punctures j  however, 
^pectally  tn  materials  SO  m  thick  and  thinner. 
Once  a  puncture  had  occurred^  it  became  the 
focal  potnt'  for  subsequent  discharges.  It  is 
possvhle  that  the  puncture  pointy  being  at 
gjround  potential y  Would  produce  incident-becvn 
focusszng  %n  its  vicinity  and  consequent  high 
er^edded-charge  density  with  discharge  initiatUr 
there.  Sxmilar  remarks  could  apply  to  discharge 
tmttatzon  at  the  mask  edge. 

Discharge  area  appear  brightest  and  thickest 
at  the  mask  edge  or  at  a  punch  throughy  but  it  is 
not  clear  that  the  electron  flow  is  strongly 
^  the  mask  or  down  the  puncture  hole.  It  is  at 
least  probable  that  most  of  the  electrons  are 
propelled  tnto  space  through  surface  holes  near 
the  mas<  or  at  the  puncture  edge. 


D.  Verdin  : 

We  have  observed  reductions  in  the  surface 
potential  of  electron-irradiated  aluminised 
K^ton  on  simultaneous  ej^sure  to  visible 
li^t.  Since  unaluminised  K^ton  does  not  show 
^y  reduction  in  surface  potential,  the  effect 
not  appe^  to  result  from  fbotoemission. 
^erefore  wish  to  ask  if  you  have  any  inform¬ 
ation  on  the  extent  to  which  photoconduction 
contributes  to  the  charge  equilibration  process 
in  irradiated  dielectrics? 


0,  K,  Davies: 

Ail  polymers  are^  pho toconductive  to  a 
degree y  and  so  illumination  would  increase 
charge  dissipation  rates.  However y  charge 
carrier  mobility  in  insulators  is  a  thermally 
nettvated  pvocesSy^  and  so  the  observed  decrease 
in  surface  potential  could  result  from  ternTjera- 
ture  increase. 


J.  Dauphin  (ESA)  : 

Do  you  knew  of  a  viiite  pigment  that  is 
UV  stable  and  has  a  hi^  secondary  emission? 


0,  k,  Davies: 
No, 


S.J.  Bosira  : 

If  the  second  cross-over  of  the  secondary 
^ssion  c^  is  moved  to  the  kV-range,  is 

a  problem  of  positive  diarging  due 
to  high  seoendary  yields  caused  by  electrons 
in  space  with  Icwer  incident  energies  than  this 
second  cross  over?  in  other  words,  must  the 
^^d^^^ssion  yield  between  the  two  cross- 


No,  the  secondary  emission  yield  need  not 
be  unity  ainoe  the  lot)  (say  <60  eV)  emission 
ener-^  of  eeaondavy  eleatrons  would  preclude 
any  large  positive  excursion  of  the  surface 
potent^aly  even  for  high  yield  values, 

S.A.  Greenberg  : 

o  I""  facility's  radiation  output 

of  a  few  thousands  rads  per  day,  can  you  reasonabl 
expect  to  reach  threshold  levels  in  reasonable 
time? 

R, .  C,  ' Tennyson: 

If  we  use  a  600  mo  souroe  unfiltered,  then  it 
7/ii  that  we  aan  achieve  about  2.3  x 

li-  it  is  possible  with 

this  -  you  natural  source  to  achieve  simulated 
electron  doses  of  10^  rads  in  about  one  year  of 
actual  exposure.  However y  to  reach  levels  of  10^ 
rads  becomes  impractical. 


J.  Dauphin  (ESA)  : 

How  is  the  UV  intensity  inside  the  chamber 
measured? 


We  have  two  sensors  for  monitorin<i  the  UV 
radiation:  ;>.:10~P.80  nm  and  300-100  nm,  'respectively. 
IMe  to  our  Jaci  lity  design,  the  UV  I, my  cm  easilu 
bo  raised  through  the  top  of  the  ./uurlr.  cnlimler 
and  calibrated.  At  present  swh  ■■alil.r.il  ion 
measurements  will  be  made  evety  -100  lire 


R.  Moss  (Ford  Aerospace)  : 

Have  you  cross-checked  your  strain  gauge 
calibrations  of  the  coiposites  against  known  stable 
standards  such  as  MBS  quartz  rods? 


.R,_C,  Tennyson: 

Noy  however y  we  have  checked  our  strain  qauqe 
measurements  against  several  metal  tubes  and 
correlated  these  results  with  actual  micrometer 
measurements  of  the  tube  displacements.  For 
comparative  purposes  these  calibration  specimens 
are  also  included  in  the  thermal-vacum  long 
uurat'ion  tests.  At  present y  we  are  also  making 
comparisons  with  laser  interferometer  displacement 
data  in-S'itu. 
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ABSTRACT 


An  overall  survey  of  the  problems  encountered  with 
polymers  and  thermal  control  coatings  submitted  to 
radiations  in  space  is  presented. 

A  theoretical  study  that  modelizes  the  degrade- 
tions  of  the  solar  absorptance  under  electron  and 
proton  irradiations  is  described.  The  model  takes 
the  absorbed  energy  dose  repartition  within  the 
material  into  account  and  assumes  that  the  solar 
absorptance  variation  is  imputed  to  color  centers, 
the  concentration  of  which  can  be  expressed  in 
terms  of  dose.  The  relevance  of  such  a  correlation 
IS  corroborated  by  measurements  performed  on  two 
polymers  and  two  white  paints. 

An  example  of  a  radiation  qualification  test  pro¬ 
gram  carried  out  for  OtS  is  given.  Predicted 
degradations  of  the  thermal  control  coatings  are 
compared  to  data  obtained  after  one  year  in  orbit. 

Keywords:  Radiation  damage,  thermal  control  coa¬ 
tings,  electron  irradiation,  proton  irradiation, 
space  environment  simulation. 


1.  INTRODUCTION 

Tlie  external  surfaces  of  a  satellite  are  submit- 
ted  to  Che  various  components  of  the  space  environ¬ 
ment  (particles,  ultraviolet  radiation,  vacuum, 
theimal  conditions).  As  a  consequence  of  these 
components  acting  together,  it  is  well  known  that 
a  degradation  of  the  physical  properties  is  obser¬ 
ved.  For  polymeric  materials  and  thermal  control 
coatings  for  instance,  a  change  in  colour  is  obser¬ 
ved  that  leads  most  often  to  an  increase  of  the 
solar  absorptance.  It  is  obvious  that  such  a 
change  is  principally  due  to  the  energetic  pro¬ 
tons  and  electrons  encountered  in  orbit  as  well 
as  CO  the  severe  ultraviolet  radiation  flux  out 
of  atmosphere. 

Spacecraft  system  designers  are  most  concerned 
about  these  changes  and  in  order  to  take  them 
into  account  they  wish  to  know  the  variation  law 
in  terms  of  time  in  orbit.  Advanced  space  projects 
involve  very  long  mission  durations  (five  to  ten 
years  becoming  often  a  requirement)  for  which 
short  time  experiments  in  laboratory  must  be 
representative  of  a  far  longer  exposure  to  space. 


Economic  constraints  strongly  incite  to  look  for 
the  appraising  of  the  possible  degradation,  at  the 
lowest  cost. That  is  to  say  that  all  Che  previous 
experience  must  be  used  in  order  to  lighten  the 
costly  simulation  procedures  and  that  it  is  neces¬ 
sary  to  be  fully  aware  of  the  tests  validity  as 
well  of  its  limits. 

In  a  first  part  we  will  make  an  overall  survey 
of  the  problem  encountered  when  laboratory  expe¬ 
riment  are  performed  in  order  to  simulate  the 
effects  of  space  radiation  :  purpose,  approach 
and  facilities.  Some  data  concerning  the  predic- 
tion  of  degradations  on  board  the  OTS  2  satellite 
will  be  compared  to  the  one  obtained  in  orbit. 

In  a  second  part  a  model  that  could  help  to 
predict  the  degradation  in  orbit  will  be  presen¬ 
ted.  This  model  correlates  the  reflectance  degra¬ 
dation  of  paints  and  SSMs  to  the  absorbed  energy 
dose.  A  verification  of  this  model  is  given 


,  2.  STATE  OF  ART  TECHNIQUES  OF  SIMULATION 

2.1  General  comments 


The  techniques  and  procedures  that  are  being  used 
in  USA  or  in  Europe  have  not  appreciably  changed 
for  the  five  last  years  (Ref  1,  2,  3).  Ultra¬ 
violet  radiaiion ^electrons  and  protons  are  simul- 
t^neously  directed  onto  the  samples  tliat  are 
maintained  under  a  high  vacuum  (less  than 
Torr)  for  all  the  irradiation  time  as  well  as  for 
the  optical  measurement  period.  Contamination- 
free  pumping  systems  and  chambers  are  of  prime 
importance  in  order  to  prevent  a  parasitic  degra¬ 
dation  of  the  optical  properties  of  sample  under 
test.  An  extreme  care  must  be  exerted  in  order 
to  control  the  sample  temperature  that  could 
modify  the  degradation  kinetics  and  its  nature. 
For  instance  the  infrared  energy  excess  of  sun 
simulators  using  Xenon  arc  lamps  must  be  suppres¬ 
sed  or  limited  by  appropriate  means  in  order  to 
prevent  the  sample  overheating. 

The  optical  reflectance  must  be  spectrally  measu¬ 
red  at  least  in  all  the  solar  range  (0.35  to 
2.3  ijm),  if  one  wishes  to  evaluate  the  solar 
absorptance  variations. 


Pmceedumsofim  LSA  Synifyosiimi  on  Spacecraft  Materials,  held  at  ISTEC.  2-5  October  i:SA  SP-\45  [December  1979), 
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For  the  last  three  years  a  growing  interest  has 
been  expressed  for  conductive  coatings  ;  so  there 
is  now  some  requirements  for  in*"situ  electrical 
conductivity  measurements  as  the  irradiation  gets 
on.  The  conductivity  values  can  be  largely  modi¬ 
fied  in  presence  of  ultraviolet  and  visible  light 
(e.g.  Kapton)  or  in  presence  of  particle  radiation 
(many  dielectrics). 

Free  standing  polymeric  films  (that  is  to  say, 
films  not  bonded  by  an  adhesive  to  a  substrate, 
have  recently  been  of  concern  for  various  external 
use  in  space  s  large  reflectors,  solar  sail,  ther¬ 
mal  blankets,  solar  cells  substrates.  The  experi¬ 
ments  have  shown  that  the  mechanical  properties 
(ultimate  strength,  impact  strength,  modulus, 
shrinkage,  dimensional  stability)  of  irradiated 
polymeric  films  were  largely  modified  by  UV  or 
electron  irradiation  (Ref.  4,  5.  6).  There  is  some 
evidence  that  a  very  fast  variation  of  meclianical 
properties  happens  during  the  very  earliest  minu¬ 
tes  following  the  beginning  of  exposure  to  air  of 
an  in- vacuum  irradiated  film  :  Ref.  7.  That  would 
suggest  the  need  of  an  in-situ  mechanical  testing 
of  irradiated  polymers . 

It  has  been  widely  demonstrated  for  the  last  few 
years  (Ref.  8,9)  that  an  electrostatic  charge  of 
the  satellite  dielectric  surfaces  can  build  up 
under  certain  circumstances  until  the  point  that 
discharges  can  occur.  This  phenomenon  has  been 
experienced  by  many  geosynchronous  satellites 
the  particle  environment  of  which  has  been  shown 
to  vary  considerably  during  magnetic  substorms. 
During  these  substorms  at  synchronous  orbits  the 
relatively  cold  plasma  (about  1  eV)  of  density 
10  to  100  cm"3  is  rapidly  swept  away  and  replaced 
transiently  by  an  energetic  electron  plasma; 
electron  energies  from  3  to  20  keV  density  0.1  ^ 
to  10  cm“3(Ref.  10).  It  is  these  latter  energetic 
electrons  which  give  rise  to  the  high  potentials 
(up  to  20  OOOV)  that  have  been  measured  in  space 
and  also  to  the  differential  charging  of  conti¬ 
guous  surfaces  when  some  of  them  are  illuminated. 
Discharges  are  observed  when  the  differential 
voltage  exceeds  a  certain  threshold  value.  Such 
arcing  phenomena,  among  other  detrimental  effects, 
can  severely  degrade  some  parts  of  the  satellite 
surfaces  because  they  are  repetitive  (Ref.  11,  12, 
13,  14).  Material  breakdown  can  lead  to  charring, 
matter  volatilization  or  ejection  ...  For  some 
coatings,  like  FEP  second  surface  mirrors, Xhe 
optical  degradation  that  is  due  to  these  discharge 
phenomena  can  be  more  important  than  the  one  that 
is  due  , to  the  pure  radiation  damage  in  the  bulk 
(Ref  14,  15):  discharge  paths  can  be  seen  on  the 
top  of  their  surface,  leading  to  a  diffuse  reflec¬ 
tion  of  light  and  to  greatly  enhanced  absorption. 
Therefore  it  is  of  prime  importance  to  include 
in  the  radiation  qualification  tests  of  materials 
to  be  flown  in  geosynchronous  orbits,  the  low 
energy  electron  component  of  the  environment  p 
to  20  keV).  In  this  case,  one  must  try  to  oblige 
the  sample  to  undergo  the  same  number  of  break¬ 
down  (or  discharge)  phenomena  that  are  expected 
on  a  statistical  basis  for  a  certain  time  in  orbit 
without  altering  their  physical  nature.  That  is 
to  say,  one  must  use  in  laboratory  electron  fluxes 
and  electron  energies  that  are  nearly  the  same  as 
the  ones  encountered  in  substorm  conditions 
(i.e.  0.1  to  0.8  nA  cm-28“l,  5  to  25  keV) ,  Moreover 
the  sample  configuration  must  be  carefully  chosen 
in  order  to  be  representative  of  the  actual  tech 
nique  used  in  space. 


Besides  these  low  energy  electrons,  the  qualifi¬ 
cation  test  must  obviously  be  performed  with 
electrons  and  protons  the  energy  and  the  fluences 
of  which  are  chosen,  depending  on  the  orbit  condi¬ 
tions,  in  such  a  way  as  to  ensure  a  high  level  of 
concordance  between  the  energy  doses  absorbed 
and  those  calculated  for  the  mission  (Ref.  2). 

An  example  of  a  simulation  performed  at  pERTS^ 
for  the  space  qualification  of  OTS  coatings  is 
given  hereafter. 

2.2  Qualification  of  the  OTS  thermal  control 
coatings 

Under  contracts  of  ERNO  and  ESTEC,  two  qualifica¬ 
tion  programs  of  thermal  control  coatings  for 
the  geosynchronous  environment  of  OTS  were  car¬ 
ried  out  (Ref  16,  17,  18).  The  aim  of  the  first 
was  to  simulate  the  environment  conditions  of 
materials  placed  on  the  North  and  South  faces  of 
the  satellite  ;  the  second  was  related  to  mate-^ 
rials  on  the  equatorial  belt  of  the  same  satellite. 
These  conditions  corresponded  to  two  different 
levels  of  solar  exposure. 

An  absorbed  enefgy  dose  calculation  was  performed 
at  DERTS  (Ref  16),  for  the  various  materials  to 
be  tested,  after  computation  of  the  spectral 
particle  fluxes.  Fig.  1  and  2  give  the  dose 
repartition  in  Silica  for  a  7  years  exposure  to 
space.  Dose  at  surface  is  mainly  due  to  protons; 
dose  in  the  bulk  is  mainly  due  to  electrons. 

From  these  results,  one  electron  energy  (200  keV) 
and  two  proton  energies  (40  and  150  keV)  were 
selected,  together  with  the  respective  fluences, 
in  order  to  give  to  the  sample  the  same  absorbed 
energy  dose  distribution  as  the  one  in  space. ^ 

Fig.  3  gives  a  comparizon  of  these  dose  distri¬ 
butions  for  Silica. 

The  irradiation  parameters  that  were  chosen  for 
both  tests  are  reported  in  Table  1.  Samples  are 
also  described  in  Table  1.  A  continuous  UV  expo¬ 
sure  (3  suns  intensity)  was  applied  for  all  the 
test  duration.  Electrons  and  protons  irradiations 
were  performed  at  selected  times  allowing  an 
exact  equivalence  with  UV  corresponding  to  various 
exposures  in  orbit.  Fig.  4  indicates  the  proce¬ 
dure  that  has  been  followed  for  the  second  test. 
Fluences  rates  range  from  1.3  10®  to  8.8  10^ 
e  cm“^  s“^  for  electrons,  from  4.5  to  2.9  10 
p  cro“^  s“^  for  150  keV  protons,  from  1.3  l(r  to 
8.8  10®  p  cra"'^  s"^  for  40  keV  protons. 

The  DERTS  combined  environment  facility  was  used 
(Photo  1).  A  high  vacuum  (less  than  iCT^  Torr) 
was  maintained  for  all  the  irradiations  and  measu¬ 
rements  . 

A  spectral  in-situ  measurement  of  the  optical 
reflectance  was  performed  and  the  solar  absorp- 
tance  variations  were  computed.  From  the  degra¬ 
dation  values,  a  variation  curve  showing  predic¬ 
ted  degradations  in  terms  of  time  in  orbit  was 
given  for  each  sample  (Ref.  17,18).  ^oite  examples 
are  given  in  Fig.  5  tc  9. 

Some  limited  and  preliminary  analysis  of  OTS  2 
thermal  surface  degradation  is  becoming  availa¬ 
ble  at  ESTKC  (Ref.  19).  The  temperatures  of  14 
spot  beam  antenna  dish  sensote  have  been  used, 
normalising  for  seasonal  solar  intensity  and 
seasonal  solar  vectors  angle  to  sensor  positions 
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.  on  curved^  diah.  The  view  factors  at  each  sensor 
plus  struts  and  rest  of  dish  are  ignored;  thus  it 
i«:  only  possible  to  give  averages  of  the  maximum 
solar  abtorptance  of  the  SI3G/L0  on  the  antenna 

dishes . 


.;pie  corresponding  degradation  values  are  reported 
tti  Fig.  8.  For  the  OCLI  silvered  quartz,  the  tem¬ 
perature  of  n  sensors  on  TWT  and  control  radiators 
were  used  for  the  steady  state  spacecraft  tests  of 
May  26,  1978  and  May  26,  1979  for  approximately 
equal  and  similar  spacecraft  dissipations.  Using 
both  maxima  and  minima,  the  mean  annual  increase 
n  absorptance  was  calculated  to  be 

0.0035  ;  this  value  can  be  compared  with  our  pre¬ 
dicted  value  in  Fig.  7, 


A  literature  search  was  decided  in  order  to 
gather  degradation  data  for  the  coatings  in  cur¬ 
rent  use:  S13G  (ZnO/silicpne  paint),  Z93  (ZnO/ 
silicate  paint),  Alumine/silicate  paint,  alumi¬ 
nized  Kapton,  Terphane  film  (polyethylene  tereph- 
talate)  :  see  Ref.  21.  A  model  was  tested  for  the 
aluminized  Kapton  and  the  SI3G  paint  for  which 
there  was  a  sufficient  amount  of  results  in  the 
published  technical  papers.  Complementary  syste¬ 
matic  experiments  were  performed  for  some  mate¬ 
rials  (Terphane,  PSG  120  (ZnO/silicone) ,  PSZ  183 
(ZnO/sil icate) ;  FEP  Teflon  SSM,  Kapton)  in  order 
to  incorporate  reliable  and  coherent  data:  see 
Ref,  22,23. 

3.2  Model 


^ese  results  are  the  only  available  from  in  orbit 
OTS  measurements.  They  confirm  the  validity  of  tests 
performed  at  DERTS  for  the  radiation  qualification 
of  thermal  coatings.  An  other  evidence  of  the  vali¬ 
dity  of  the  procedure  that  is  used  currently  was 
Riven  three  years  ago  by  in  flight  experiments 
on  board  the  French  satellite  SRET  2  (Ref.  20). 


3.  MODELING  OF  DEGRADATIONS  DUE  TO  PAITriCLES 

3. 1  Introduction 

Spacecraft  system  designers  need  to  know  the  solar 
absorptance  variation  during  exposure  to  space 
conditions  in  order  to  effectively  control  the 
satellite  temperature  by  use  of  appropriate  coa¬ 
tings.  Such  a  variation  is  due  to  absorption  bands 
that  are  observed  in  the  reflectance  spectrum  in 
consequence  of  color  centers  formation  or  of  mole¬ 
cular  evolutions  that  are  induced  by  ionizing  (and 
ultraviolet)  radiations. 

To  be  practical,  the  solar  absorptance  variations 
must  be  correlated  to  the  particle  fluences  that 
are  expected  in  orbit  for  a  given  coating. 

Generally  at  first  one  computes  the  energy  spec¬ 
trum  of  electrons  and  protons  that  will  be  encoun¬ 
tered  in  space.  Then  irradiations  are  performed 
under  vacuum  with  monoenergetic  particles  whose 
energies  and  fluences  are  thought  to  simulate  the 
most  active  in  space.  In-situ  optical  measurements 
allow  co;khow  the  spectral  reflectance  variation 
due  to  irradiations. 

Such  a  method  has  several  drawbacks  :  a)  the  choice 
of  energies  and  fluences  is  rather  empirical, 
b)  the  isotropic  distribution  of  particles  in 
space  is  not  simulated  in'  the  laboratory  c)  pre¬ 
vious  experience  is  worthless  because  each 
simulation  specifically  describes  the  environment 
of  one  orbit. 

A  degradation  model  that  would  take  the  physical 
processes  into  account  could  reduce  the  influence 
of  the  test  parameters,  allow  a  better  choice  of 
simulation  conditions  and  allow  to  use  data  obtai¬ 
ned  in  other  laboratories  and  in  other  experiment 
conditions . 

Degradation  data  that  can  be  found  in  literature 
as  a  consequence  of  particle  irradiations  are 
seldom  comparable  at  the  first  glance  because 
they  have  been  obtained  with  various  particle 
nature,  energies,  fluences  and  flux  rates. 


3.2.1  Preliminary  remarks 

Degradation  of  the  thermal  control  coatings  due 
to  electrons  and  protons  encountered  in  space  is 
mainly  due  to  low  energy  particles  ;  a  few  tens 
to  a  few  hundreds  kiloelectron  volts.  That  is  to 
say  that  the  degraded  zone  is  very  near  to  the 
surface. 

In  the  degraded  zone  an  increase  of'  the  optical 
absorptance  in  the  solar  range  (0.3  to  2.4  ym) 

IS  measured  in  th6  form  of  an  absorption  band  as 
a  consequence  of  the  creation  of  defects  (color 
centers,  molecular  products)  under  irradiation. 
In  a  variety  of  cases  the  defect  concentration 
N  has  been  correlated  to  the  intensity  and  the 
shape  of  the  absorption  band  variation  by  the 
SMAKULA  relation  (Ref.  24) 


Nj.  -  A(XQ)WQAy(XQ) 
where 


Wq  is  the  full  band  width  between  half  amplitude 
points,  Ay(AQ)  is  the  maximum  amplitude  of  the 
spectral  absorption  coefficient  variation  and 
A(Xq)  is  a  constant. 

Very  often  the  defect  concentration  is  only 
related  to  the  energy  density  (or  "dose")  that 
is  locally  absorbed  by  the  material  under  irra¬ 
diation*  That:  is  especially  tlic  case  for  defects 
that  are  created  by  ionisation  process.  At  a 
macroscopic  scale  the  degradations  are  expected 
to  depend  only  on  the  dose  distribution  within 
the  material.  This  absorbed  energy  dose  is  not 
uniform  for  low  energy  particles  when  expressed 
in  terms  of  depth,  but  its  distribution  within 
the  matter  can  be  calculated  using  computation 
codes  -  see  for  instance  Ref.  25,  26,  27  and 
also  a  general  description  in  Chapter  3  of  Ref. 23. 
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3,2.2  Model  basis 

The  following  assumptions  are  made: 

a)  the  defect  density  is  only  related  to  the  local 
absorbed  dose 

b)  the  optical  degradation  is  due  to  an  absorption 
band  the  intensity  of  which  depends  only  on  the 
defect  density  and  it  follows  the  SMAKULA  rela¬ 
tion  (1). 

The  absorption  band  can  be  measured  by  comparing 
the  reflectance  spectra  R(X)  of  the  irradiated  and 
unirradiated  coating.  From  the  spectra  the  solar 
absorptance  (or  reflectance)  can  be  computed. 


3.3  Development  of  a  model  for  SSM 
3.3.1  Calculation 


POLYMER  METAL 


The  SSM  is  made  of  a  polymeric  film  (the  thickness 
of  which  is  i,  the  absorption  coefficient  is  Pq(a)) 
and  a  metal  layer. 

the  reflectance  at  the  front  surface  is  Pq(X)  and 
at  the  polymer-metal  interface  is  Rq(X), 

Ro(X)  is  assumed  to  be  equal  to  1.0  . 

The  intensity  of  a  light  beam  impinging  on  the 
surface  is  Iq.  the  reflectance  Rq(X)  of  the  SSM 
is 

Ro(X)  -  [> 

After  irradiation  :  A  zone  near  to  the  surface  is 
supposed  to  be^iformly  degraded.  Its  thickness 
is  X  and  its  "absorption  coefficient"  is 


y^(X)  «  Uq(X)  +  Ay  (X) 


Beyond  this  zone,  the  material  keeps  the  initial 
properties . 


The  reflectance  P.(^)  at  the  front  surface 
(degraded  zone)  is  assumed  to  be  equal  to  the  one 
of  the  unirradiated  polymer:  P^(X)  -  Pq(X). 

The  reflectance  of  the  degraded  SSM  is: 

Rj(X)  =  Pq  +  (l-Po>  I  [-2x^Au(X)] 


From  (2)  and  (3) 

1  Rq(X)  ^Pq 
Ap(X)  -  ^  an  0 


Therefore  the  spectral  absorption  coefficient 
variation  Ay(X)  can  be  calculated  if  the  degra¬ 
ded  thickness  is  known  and  the  reflectances 
R  (X)  and  R,(X)  are  measured  (p^  can  be  calcula¬ 
ted  from  the'^index  or  estimated  trom  the  spectrum 
in  a  high  absorptance  isone) .  Thus  the  product 
W  Ay  (see  section  3.2.1)  can  be  obtained  for  each 
set  of  irradiation  parameters  (particle  nature, 
parti£le  energy,  fluence) .  The  absorbed  energy 
dose  D  and  the  particle  penetration  can  also 
be  computed  by  the  usual  codes  for  each  set. 


A  plot  of  W,Ay(XQ)  versus  D  must  give  a  unique 
curve  if  the  defect  number  depends  only  on  the 
mean  absorbed,  energy  dose,  that  is  to  say  if 
our  modeling  basis  is  valid. 

Moreover  the  solar  absorptance  variation  Aa^ 
should  be  given  by  an  unique  curve  if  it  was 
plotted  versus  the  product  x^WAy, 


3.3.2,  Results  for  aluminized  Kapton 

Many  data  can  be  found  in  the  literature  concer¬ 
ning  aluminized  Kapton  irradiated  either  by  elec¬ 
trons  or  by  protons.  A  result  compilation  was 
performed  (Ref.  21).  The  main  irradiations  that 
we  selected  because  sufficient  spectral  data 
were  available,  are  described  in  Table  2  with 
the  mention  "literature  results".  An  absorption 
band  whose  maximum  is  at  600  nm  is  exhibited  by 
irradiated  aluminized  Kapton  samples  (Fig.  10). 
pQ  was  assumed  to  be  0.08. 

After  computation_of  the  degraded  range  and 
of  the  mean  dose  D  (Table  2)  the  product  _ 

Ay  (600)  was  plotted  versus  the  mean  dose  D: 
Fig.  11  shows  that  a  straight  line  is  obtained. 
Such  a  result  suggests  that  the  created  defects 
depend  only  on  the  mean  dose  in  the  aluminized 
Kapton. 

lliis  was  confirmed  by  results  obtained  at  DERTS 
(Ref.  22)  after  irradiation  of  an  aluminized 
Kapton  film  75  ym  thick  bonded  with  a  3M467  adhe¬ 
sive  to  an  aluminum  platelet:  Table  2.  Fig.  12 
where  the  latter  results  are  given,  shows  exactly 
the  same  variation  law  for  WAy  in  terms  of  absor¬ 
bed  dose . 

Furthermore  Fig.  13  indicates  that  it  is  possible 
to  correlate  directly  the  solar  absorptance 

variation  Aot  (calculated  from  the  in-situ 
s 
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spectral  measurements  of  reflectance)  with  the 
total  number  of  defects  that  have  been  created  by 
irradiation: 

Attg  (in  percent)  2^  8*6  WAp  where 

WApx^  is  expressed  in  nm 

3.3.3  Results  for  aluminised  FEP  Teflon 

An  aluminized  FEP  Teflon  75  Pm  thick  was  bonded 
with  a  3M467  adhesive  to  an  aluminum  substrate  and 
was  irradiated  at  DERTS  (Ref.  22):  see  Table  3. 

The  in-situ  reflectance  spectrum  was  not  continu¬ 
ously  recorded  but  obtained  at  discrete  wavelength 
that  did  not  allowed  an  accurate  localization  of 
the  absorption  band  maximum  after  irradiation. 

So  the  WAp  value  was  calculated  as: 

/600 

Ap(X)  dX 

280 

Fig.  14  shows  that  all  the  WAp  values  are  on  the 
same  curve  when  plotted  versus  the  absorbed  ener¬ 
gy  doses  that  can  be  computed  for  the  various 
irradiations.  However  the  linear  relationship 
is  only  obtained  for  the  highest  energy  densities. 

As  in  the  case  of  the  aluminized  Kaptony  a  curve 
giving  AOg  in  terms  of  the  total  number  of  created 
defects  can  be  drawn:  Fig.  15  .In  this  figure 
some  lAo^  values  at  low  irradiation  doses  seem  too 
high.  This  is  probably  due  to  a  deformation  of  the 
SSM  that  was  noticed  at  the  end  of  irradiations 
(see  Ref.  22) . 


However  the  20  keV  and  above  all  the  40  keV  elec¬ 
trons  lead  to  rather  small  degradations. 

This  trend  suggests  that  there  is  possibly  a 
reaction  threshold  for  degradation.  In  any  case, 
the  proposed  model  does  not  hold  for  this  material. 


3.4  Development  of  a  model  for  paints 
3.4.1  Model 


Let  us  consider  a  coating  made  up  of  two  layers, 
the  reflectance  and  transmitance  of  each  being 
known:  Rj,  R^,  T^,  T2.  The  resulting  reflectance 

Rj^  and  transmittance  are: 

*R  "  ....T,R2(R,R2)"t,  +  ... 

"  ‘Si  -  ^  (5) 


3.3.4  Results  for  Terphane  films 

A  variety  of  thicknesses  of  polyethylene  tereph- 
talate,  Terphane  transparent  film  (★)  (between 
3.5  and  125  pm)  were  tested  under  irradiation 
at  DERTS.  For  irradiation,  the  film  were  fixed 
(without  adhesive)  on  a  polished  aluminum  platelet 
and  the  in-situ  reflectance  measurements  were 
performed  with  the  same  aluminum  platelet  that 
ensured  the  second  surface  reflexion. 

Table  5  gives  the  irradiation  parameters.  The 
front  surface  reflexion  is  assumed  to  be  Pq*0.059. 
As  in  the  case  of  FEP  film  the  maximum  of  the 
absorption  band  was  not  easily  located  due  to  the 
lack  of  a  continuous  spectrum  recording,  so  ins¬ 
tead  of  WAp  we  used: 


T,T2  .  TjRjR^Tj.  ...T,(R,R,)"  t,.... 


T  T 
1  2 

T  as  11  .1  III  ^.1 

R  1“RjR2 


(6) 


34 1 1  Paints  :  case  of  a  bulk  degradation 

Let  us  consider  a  paint  that  is  degraded  by  high 
energy  particles  or  at  very  large  irradiation 
doses,  that  is  to  say  a  paint  where  the  zone  of 
photon  absorption  and  scattering  (characterized 
by  a  mean  penetration  depth  x  )  is  small  compared 
with  the  zone  of  particle  penetration  (characte¬ 
rized  by  a  range  x^).  In  other  terms: 


WAp 


Ap(X)  dX 


The  results  are  reported  in  Fig.  16,  It  can  be 
seen  that  the  degradations  due  to  protons  (45, 

75  and  150  keV)  and  to  210  keV  electrons  seem 
to  belong  to  a  same  curve.  There  is  a  very. large 
spread  of  values  for  the  80  and  40  keV  electron 
irradiation.  This  spread  is  probably  due  to  the 
heterogeneity  of  dose  in  the  irradiated  zone  (**). 


X  ,  »  X 
d  u 


I.T(x.dx) 


(*)  From  125  to  12  pm,  Terphane  films  were  available  in  the  quality  "  D'  ;  Terphane  3,5  pm  and  6  pm 
thick  was  only  available  with  the  quality  "D". 

(**)  It  would  also  be  due,  for  a  part,  to  the  different  qualities  ("P"  and  "D”)  of  the  Terphane 
films  we  used. 
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If  R(x)  and  T(x)  are  the  reflectance  and  transmit¬ 
tance  of  the  first  layer  the  thickness  of  which  is  x 
and  if  r  and  V  are  the  "reflexion"  and  "absorp¬ 
tion  coefficient"  of  the  second  layer  whose  thick¬ 
ness  is  dx,(5)  and  (6)  can  be  used: 


Rj  -  R(x) 
Tj  «  T(x) 

V2'V 

R^  *  rdx 

Tj  =  l-(p.r)dx 

T^(x)rdx 

(7) 

yielding 

R(x+dx)  «  R(x)+ 

l-R(x)rdx 

and 

.  T(x)  Cl-(y+r)dx] 

T(x+dx)  «  l~R(x)  rdx 

(8) 

Neglecting  second  order  terms: 


^irT2(x) 

dx 

(9) 

"•  TCx)  rrR(x)-(Vl+r)  1 
dx 

(10) 

with 

the  boundary  conditions 

T(0) 

-  1  ;  R(0)  -  0  ;  ■  R 

i  [-j-f]  “-I**'- 

LdxJ(O) 

these  equations  give; 


R(x) 


l+k+a(k) 


cxOOilllL 

'a(k)-l-k 

a(k)-H^-k 

a(k)-l-‘k 


exp(x/x^) 

exp(x/x^) 


with  "optical  range" 

a(k)  -  Ck{k+2)] 

-and  k  *  y/r 


(M) 


If  the  paint  thickness  x  is  far  greater  than 
(  M)  becomes 

R(x)  -  l+k  -[k(k+2)l^-^ 


X  , 

u 

(12) 


In  the  case  of  an  irradiated  paint  with  x^  »  x^ 
relation  (12)  is: 

before  irradiation;  Rq  =  *  oi(kQ)  (13) 

after  irradiation;  ^ 

The  measurement  of  Rq(X)  and  R^(X)  allows  to 
obtain  directly  (Fig.  17); 


and  k^ 


This  leads  to  the  optical  range  value; 


before  irradiation: 


^^rk„(k^.2)r°-^ 


after  irradiation:  x^^  * 

d 

See  Fig.  18 . 

3412  Paints:  case  of  a  surface  degradation 

We  consider  now  a  paint  that  is  degraded  by  low 
energy  particles  (electrons  or  protons)  or  at 
very  low  irradiation  doses.  In  such  a  case 

X  »  x, 
u  d 

Before  irradiation: 


The  reflectance  and  transmitance  of  the  paint 
are  and  T  ,  and  the  absorption  coefficient 
is  y  After  irradiation,  two  layers  can  be 
considered: 


The  layer  2  is  a 
thickness  is  H-x^ 


non  degraded  medium  whose 


0 


The  layer  1  is  the  degraded  medium  whose 
thickness  is  x^ 

U,  =  lij  ”  t'u  +  Mi 

R  «  r  X  r,  is  the  "reflexion  coefficient 

1  d  d  d 

T,  =  ' 

(5)  becomes : 


R.«r,x,  +  R  d  d  d 

d  d  d  o  — p  y  • " 


(17) 


(15) 


RADIATIONS  ON  POLYMKRS  AND  THERMAL  CONTROL  COATINGS 


Neglecting  (small  compared  with  Ap),  the 
second  order  terms,  and  assuming  that  the  reflexion 
coefficient  is  unchanged  (r^  -  r^) ,  (17)  yields 


Ap  Ai  yL. 


(18) 


Paint  absorption  variation  in  terms  of 
reflectance ^  ^ 


a)  The  results  of  the  two  preceding  subsections 
can  be  summarized  as  follows  : 
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If  X,  «  J  •  From  the  in-situ  spectral  measu- 
ments,  the  initial  reflectance  R^(X)  and  its 
variation  during  irradiation  R(X)  can  be  obtai¬ 
ned. 


•  ^  dose  repartition  computation 
by  the__usual  codes  allows  to  know  the  mean  absorbed 
dose  D  in  the  particle  penetration  zone  whose 
thickness  is  x. , 
d 

.  Then,  relation  (18)  can  be  applied 


remarks 

.  These  curves  must  verify  =  r  =  constant 

(i.e.  the  hypothesis  previously  made; 

^  ^  *^0*^  dependent  on  dose  D) 

.  Provided  the  particle  nature  and  energy  were 
not  significant  in_the  degradation , the  values 
Ail  -  F(D)  and  rG(D)  must  be  identical. 


Ap(X) 


:  1  AR(X) 

2-d 


*  If  X,  »  X 
d  u 

.  Spectral  measurements  allow  to 
get  the  reflectances  before  and  after  irradiation 
Rq(X)  and  R^(X). 


.  The  classical  methods  allow  to 
know  ^he  dose  repartition  from  which  the  mean 
dose  D  and  the  degraded  thickness  x,  can  be  obtai¬ 
ned  .  a 


_  .  •  Assuming  that  the  reflexion 

coefficient  is  not  changed  by  irradiation 
^*^0  “  '^d  *  relation  (12) 

R(k)  -  l  +  k-rk{k.2)]°-5  „here  k  =  li 

r 

in  order  to  calculate  k  (before  irradiation) 
and  k  «  +  Ak  (after  irradiation). 

b)  For  a  given  dose,  it  is  thus  possible; 

.  in  the  x  »  x  range  to 

All  ^  ^ 

calculate  Ak  =  —  for  each  absorbed  dose  D  and  to 
draw  the  curve  =  F(1d) 


»  in  the  x 

calculate  Ap  for  each  dosc^ 
curve  Ap  «  G(D) 


range  to 

D  and  to  draw  the 


3.4.2  Results  for  the  S 1 3G  paint 

Degradation  data  in  the  literature  concerning  the 
S13G  paint  have  been  compilated  ;  see  Ref, 21. 
Table  5  gives  the  various  irradiation  conditions 
as  wen  as  the  degraded  thickness  and  the  mean 
dose  D.  ' 

IVo  absorption  bands  are  noticed  in  the  spectra 
of  irradiated  specimen  at  4l0nm  and  2100nm. 

In  a  first  phase, a  linear  relation  is  observed 
for  the  variation  of  reflectance  under  irradia¬ 
tion  in  terms  of  increasing  degraded  thickness 
x. ;  Fig.  19.  In  a  second  phas e  , degradation  seems 
ta  keep  a  constant  level,  once  the  degraded  thick¬ 
ness  exceeds  the  optical  range  x  . 

u 

As,  indicated  at  Section  4 . 1  .  3b .  the  reflexion 
coefficients  r  can  be  calculated  after  being 
shown  not  dependent  on  dose; 

r^lO  =  776  cm^  g''  =  167  cm"^  g'' 

From  these  values  one  can  estimate  the  initial 
optical  thicknesses: 


’'uo  410  =  3.17  10  ^  g  cm'^ 

(i.e. 

14,4  pm) 

*uo2I00  “  10  ^  g  cm  ^ 

(i.e. 

35  pm) 

Fig.  20  and  21  give  the  variation  of  the  absorp¬ 
tion  coefficient  in  terms  of  dose.  The  degrada¬ 
tion  does  not  depend  on  the  particle  nature  or 
energy.  It  depends  only  on  the  absorbed  energy 
dose.  Accordingly  the  model  si'ems  to  be  valided. 


3.^^.3  Result;;  ipt  t  lie  PSG  120  paint 

A  PSG  120  paint  (ZnO/Si licone ,  manufactured  by 
Astral  Sikkens)  applied  on  an  aluminum  substrate 
by  ESTEC  was  irradiated  at  DERTS  in  the  condi¬ 
tions  that  are  reported  in  Table  6. 
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Two  absorption  bands  are  in  evidence  after  irra¬ 
diation:  a  very  large  one  at  2050  nm  and  an  other 
at  410  nm.  However  the  in-si tu  measurements  of  the 
reflectance  were  performed  at  discrete  wavelengths 
and  did  not  allow  a  good  characterization  of  the 
410  nm  band.  So  the  2050  nm  data  only  was  used. 

Fig.  22  indicates  a  tendency  towards  saturation, 
that  is  similar  to  the  one  recorded  for  the  S13G 
paint  (Fig.  19),  but  is  less  distinct. 

Fig,  23  reports  Ap  and  ^  values  that  have  been 
calculated  respectively  in  the  and  in  the 

X,  »  X  range.  In  spite  ot  the  little  number 
of  points  in  the  second  range,  it  seems  possible 
to  deduce  as  indicated  at  Section  4.1.3  b  from 
Fig.  23,  a  value  of  the  reflexion  coefficient: 

IV  *7  cm2  g"K  The  absorption  variation  Ay 
recorded  after  irradiation  seems  to  depend  only 
on  the  absorbed  dose.  It  is  worth  to  note  that  the 
apparent  initial  optical  thickness  x  that  can  be 
calculated  as  an  average  for  5  samples  is  about 
170  ym.  Here  too  the  model  seems  to  be  valided. 


-  The  consequences  are  the  following: 

A  good  simulation  of  the  action  of  particles 
encountered  in  space  seems  to  be  achievable  in 
the  laboratory  without  duplicating  the  exact 
nature  of  the  acting  particles  and  their  angular 
and  spectral  repartition.  A  reproduction  of  the 
absorbed  energy  dose  repartition  within  the 
material  is  sufficient. 

The  solar  absorptance  variation  during  irradia¬ 
tion  that  is  the  value  of  prime  importance  for 
the  satellite  system  designer  can  be  correlated 
with  the  physical  parameters:  absorption  coeffi¬ 
cient  y,  band  width  W, degraded  thickness  x^, 
absorbed  energy  dose. 

For  a  given  coating, 

.  if  the  sensitivity  to  irradiation  (defined  by 
the  product  WAy  or  by  J  AydX,  or  by  Ay(X  )  , 
values  that  are  representative  of  the 
number  of  created  defects)ha8  been  proved  to  only 
depend  on  the  absorbed  energy  dose  and 


3.4.4  Results  for  the  PSZ  184  paint 


A  PSZ  184  paint  (ZnO/Silicate,  manufactured  by 
Astral  Sikkens)  applied  by  CNES  on  an  aluminum 
substrate  with  a  silicate  priming  was  irradiated 
by  electrons  and  protons.  The  irradiated  samples 
(Ref.  21  and  Table  7)  exhibited  severe  cracks. 

These  craks  were  due  to  a  bad  priming  of  the 
substrate  as  it  was  made  clear  by  the  fact  that  a 
specimen  using  PSZ  184  on  a  P  113  primer  did  not 
crack  under  a  proton  irradiation  at  45  keV.  In  any 
case  the  quality  of  the  optical  measurements  was 
rather  bad  for  all  the  samples  we  tested,  espe¬ 
cially  for  those  irradiated  by  protons .  Absorp¬ 
tion  bands  were  noticed  at  2100nm  and  at  about 
600nm.  Only  the  first  one  was  workable,  the  second 
being  overlapped  by  a  drift  of  the  absorption 
threshold  of  the  paint. 


The  degradation  due  to  protons  seems  nearly  inde¬ 
pendent  of  the  dose,  probably  owing  to  the  cracks. 
The  irradiations  by  40  keV  electrons  seem  to 
belong  to  the  x,  «  x  zone  ;  the  irradiations 
by  210  keV  electrons  l?o  the  x^  >>  x^  zone.  The 
latter  electron  results  are  given  in  Fig.  24,  they 
seem  to  be  condjitent  with  a  r  «  31  g“^  cm2  value. 
Obviously  howdver  definite  results  cannot  be 
given  concerning  the  fact  that  the  absorption 
variation  does  not  depend  on  particle  nature  or 


energy. 


3.5  Conclusion  V 

-  A  model  that  correlates  the  optical  degradation 
to  the  absorbed  energy  dose  during  particle 
irradiations  is  proposed  for  thermal  control 
coatings. 

From  the  experiments  performed  on  six  usual 
coatings,  for  five  among  them,  this  model  has  been 
verified  (four  coatings:  S13G,  PSG  120,  aluminized 
FEP,  aluminised  Kapton)  or  seems  plausible 
(one  coating;  PSZ  184) .However  the  model  does  not 
seem  appropriate  for  a  Terphane  SSM. 


.  if  the  dose  that  is  predicted  for  a  given  orbit 
can  be  assumed  Uniform  (its  mean  value  being  D) 
in  the  thickness  x^, 

then  the  sensitivity  curve  [e.g.  WAy  -  f(D)] 
and  the  empirical  relation  between  and  WAyx^ 
allow  to  obtain  directly  the  predicted  solar 
absorptance  variation  due  to  the  in-orbit  irra¬ 
diation. 

If  the  predicted  dose  is  not  uniform,  three  or 
four  irradiations  at  the  laboratory  are  required 
in  order  to  evaluate  experimentally  the  optical 
degradation. 

If  the  sensitivity  to  irradiation  is  not  known^ 
it  must  be  obtained  from  literature  results  or 
experiments  giving  the  spectral  reflectance  for 
a  variety  of  conditions  and  doses  (electrons  and 
protons,  some  tens  to  some  hundreds  keV,  10^^  to 
10^^  particles  cm”*^)  . 

If  the  particle  energy  and  the  particle  nature 
modify  the  degradation,  modelling  is  not  possible. 

Synergistic  effects  of  particles  acting  with  UV 
radiation  have  been  excluded  from  the  present 
study,  their  modelling  is  not  possible. 

We  must  remind  that  flux  rate  and  temperature 
effects  could  be  observed  in  certain  circumstances 
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STAGE 

Years  in 
Space 

E.S.K.  1 
number 

UV  ^  ! 

simulation 
duration 

(h) 

Electron  fluen- 
(45®  incidence 

200  keV) 

-2 

e.cm 

Proton  fluences 
(normal  incidence 
40  keV) 

~2 

p.  cm 

Proton  iluences 
(normal  incidence 
150  keV) 

p.  cm  ^ 

Samples 

1 

in 

U 

< 

3 

'  «e 

Ji 

u 

UJ 

1-  j 

M  ' 
V. 

^1 

Cj 

D. 

F 

Gj 

0.7 

1.11 

2.05 

3.15 

4.05 
5.40  j 
7,14 

192 

1224 

2268 

3480 

4460 

5964 

7892 

96 

612 

1134 

1740 

2240 

i  2982 

[ 

3946  1 

1 4 

1.43  10* 

0,94  10'^ 

1.78  10*^ 

2.69  10'^ 

3.46  10^^ 

4.65  10‘^ 

6.09 

6.92  10'^ 

0.46  10‘^ 

0.88  10'^ 

1.35  10‘^ 

1.74 

2.34  10’"^ 

3.04  10*^ 

2.51  10*^ 

1.65  10’^ 

2.91  10^^ 

4.49  10*^ 

5.78  lo‘^ 

7.76  10’^ 

14 

I.OI  10 

a)  OCLI  silvered  OSR,  fixei 
with  RTV  560  ,  ' 

b)  OCLI  silvered  OSR,  with¬ 
out  adhesive 

c)  Aluminized  Kapton 

d)  Aluminum  Mystik  7492 
(with  adhesive) 

e)  Aluminized  FEP 

f)  3M  Black  VELVET  4 1C  10 

g)  CHEHGUAZE  Z  306 

h)  COVERT IN  306 

i)  Z  93  IlTRl 

2nd  TEST  (EQUATORIAL  FACE) 

i— ] 

•2 

•=2 

“2 

0.18 

1 

2.11 

3 

, 

;  508 

2443 

5604 

7949 

160 

893 

1868 

2650 

0.15  10’^ 

0.86  10*^ 

1.81  10'^ 

2,57  10‘^ 

14 

,  0.77  10*^ 

0.43  10*^ 

0.91  10*^ 

1.30  10*^ 

13 

0.27  10*"^ 

13 

1.44  10*-^ 

13 

3.02  10*^ 

4.29  10*^ 

a)  OCLI  OSR  with  ITO  layer 

b)  PPE  OSR  (Cerium  doped) 
with  ITO  layer 

c)  Conductive  HUGHSOM  H32- 
on  Rapton 

d)  Conductive  HUGHSON  H 32- 
on  aluminized  Kapton 

e)  Conductive  Hl'GHSON  H32: 
on  aluminized  Mylar 

f)  S13G/L0  IITRt 

g)  PSG  120  astral 

h)  PSZ  184  ASTRAL 

i)  Z93  llTRl 

j)  Vacuum  deposited  aluini” 

j  nura  over  glass 

L_ 

TABLE  1  -  OTS  SIMULATION  -  IRRADIATION  PARAMETERS 


Litiera- 
toTc  ref. 


30 
28 

31 
30 

32 
28 
29 


22 

22 

22# 

22 

22 

22 


Particle 

Mature 


ELECTRONS 

electrons 

ELECTRONS 

electrons 

electrons 

PROTONS 

PROTONS 


electrons 

ELECTRONS 

ELECTRONS 

PROTONS 

PROTONS 

PROTONS 


Energy 

(keV) 


20 

35 

50 

80 

850 

UO 

140 


40 

80 

210 

45 

75 

150 


(g  cm"^) 


(Gy/ 

Particle) 


Fluence  rate 

/  -2  -K 

(p  cm  8  ; 


8  10 
2.2  lO' 


4.2  10 
io“ 


>  7 

>  7 


-3* 


10 


2.2  10 

8.5  10“ 


2.7  10 
8.5  lo' 
1.06  lO*' 
9  10 
1.  2  lO’ 
2.4  lO" 


-5 


4  10 

2.5  19“ 
1.9  10“ 

1.5  lO' 
2.7  10“ 
1.3  lO” 
8  lO” 


.-9 


“9 

2.3  10' 


1.35  10 
!.0I  10“ 


B  10 


1  10 


7 


1  to  7  10 
l0'°to  5 


10 


10 


2.3  10 


12 


1  to  5  10 
2  10^* 


10 


2,7 

2.9 

3 

1.3 

1.3 

1.3 


10 


to  5.4  10 
to  5.3  lo’ 
to  6.3  10‘ 
to  6.2  10 
to  6.2  10^ 
to  6.2  lo' 


10 


Material  thickncas  is  less  than  the  particle  penetration 
45*  incidence 


Irradia  tion 
temperature 
*C 


30  +  I 

30 

30 

30 

30 

30 


Fluence  p  cm 


8 

10'^ 

14 

18^  ;V''  - 

3 

10 

to 

10 

22 

10'5 

xl4 

8 

3 

10 

to 

10 

10 

10'^ 

to 

8  10' 

10 

3 

io'‘ 

to 

10 

13 

? 

6 

10 

2  lo'*  to  2  lo'^ 
2  lo'*  to  lo'^ 


1 4 

2  10  to 


10 


lo'^  to  2.8  lo'^ 
lo'^  to  2.8  lo'* 
lo'^  to  2.8  lo'^ 


TABLE  2  -  IRRADIATION  PARAMETERS  FOR  ALUMINIZED  KAPTOM 


RAOIATIONSON  POLV  MI-RS  AND  THKRMAl.  CON  I  KOI  ( OATINCiS 


Littera- 

ture 

reference 


Particle  Particle 
energy 
nature  (keV) 


ELECTRON'S 

E^CTRONS 

ELECTRONS 

PROTONS 

PROTONS 

PROTONS 


(Cy/particle) 


45"  incidence 


Particlfi 

nature 


22  ELECTRONS  210 


22  ELECTRONS 


PROTONS  150  3.5  and 

more 

PROTONS  75  3.5  and 

more 

PROTONS  45  3.5  and 

more 


45  incidence 


Kluencf  rate 

-I 


2.7  CO  5.4  10 
2.9  to  5.3  lo’ 


3  to  6.3  10 
1.3  to  6.2  lo' 


1.3  to  6.2  10 
1.3  to  6.2  10‘ 


Irradiation 

temperature 

("C) 


2  10  to  2  10 


2  lo'^  to  2  lo'^ 


10  to  2.8  10 
!0'^  to  2.8  10 


10  to  2.8  10 


TABLE  3  -  IRRADIATION  PARAMETERS  FOR  ALUMINIZED  PEP  TEFLON 


Film 

thlcknesn 

(ptn) 

*d 

-2 

(g  cm  ) 

U 

(Oy/Pnt 1 irlo) 

3.5 

8.6  I0~^ 

1  6.7.0-'" 

6 

1.47  lo”^ 

7.8  10“'" 

12 

2.94  IcT^ 

8.3  10“'" 

23 

5.6  lO'^ 

9.6  10“'" 

SO 

1.22  I0“^ 

10.6  10*'" 

75 

1,84  I0“^ 

10.5  10“'" 

125 

!  3.06  I0“^ 

9.8  10*'" 

3*5. 

8.57  ICT^ 

1.5  10“^ 

6 

1.47  lo"^ 

1.6  10“^ 

12 

2.94  I0“^ 

'  1.8  lO”^ 

23 

5.63  10*^ 

1.7  10“^ 

50  and  1 

8.5  10*^  * 

1.4  lo"^ 

Fluchcp  rate 


Irradiation 

t  tUV|. 

(’’C) 


14  I  ‘ 

2  lo'^  to  lo'* 


2.9  CO  5.3  10 


2  lo'^  to  lo'^ 


2.75  10“9 


2.3  10“  **  I  1,04  l(r^ 


i.3  10’^  9.6  10“® 


9.0  10“^  **  B  lO" 


2.7  to  5.4  lo' 


1.3  to  6.2  10‘ 


1.3  to  6.2  10 


1.3  to  6.2  lO' 


*  2  lo'^  to  10‘-^ 


10^^  to  2.8  10‘ 


**  degraded  zone  less  than  the  film  thickness 

TABLE  4  -  IRRADIATION  PARAMETERS  FOR  TERPHANE 
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titwra- 

ture 

reference 


31 

28 

31 

30 

36 

35 

36 
33 

31 
28 


■particle 

nature 

Particle 

energy 

(keV) 

(g  cm  ; 

electrons 

r— ■ 

20 

l.O  lO'^ 

,  .«-3 

ELECTRONS 

35 

2.5  10 

electrons 

50 

4.8  10 
«  .«-3 

ELECTRONS  j 

80 

9.9  10 

PROTONS 

1.2 

1.0  10 

PROTONS 

1.2 

1.0  10 

PROTONS 

2  or  10 

6  10 

PROTONS 

10  or  20 

6.10*^  or  10 
“4 

PROTONS 

20 

l.O  10 
«  .«-4 

PROTONS 

40 

1.8  10 

(Gy/particle) 


3.2  10 


2.2  10 


1.65  10 

1.3  10^ 

1.9  10‘ 

1.9  lO' 


9 


2.7  10“® 

2.7  or  3.2  10  ® 
3.2  lO”® 
3.6  lO"® 


Fluence  rate 

-2  -1 
p  cm  s 


I  to  7  10*® 

2  10*®  to  5  10“ 


6.9  iO' 
^9 


5  10" 


7.3  10 


1  to  5  10 


TABUE  5  -  IRRADIATION  PARAMETERS  FOR  S13G 


Irradiation 

temperature 

(*C) 


18" 

22" 

8" 

12* 

? 

? 

Arab 

20" 

18" 


Fluence 


P  cm 


to’’ 

to 

10 

15 

lo'^ 

to 

10 

16 

to'® 

to 

8 

10 

to'® 

15 


■i.i  lo'^ 
8  I0'5 
2.5  .0‘5 

2  .0'5 

lo’'*  to  to'® 
•o'®  to  to'® 


Littera- 

turc 

Particle 

nature 

Particle 

energy 

(keV) 

(g  cm  ) 

D 

(Gy/particle) 

Fluence  rate 
-2  -1 
p .  cm  s 

Irradiation 

temperature 

("O 

Fluence  ! 

-2  ! 

p .  cm 

reference 

22 

22 

22 

22 

22 

.22 

electrons 

electrons 

euctrons 

PROTO.VS 

PROTONS 

PROTONS 

40 

i  BO 

210  1 

45 

75 

150 

2.5 

9.0  10  ^ 

4.5  10~^  1 

-4 

1.5  10 

'4 

2.3  10 

*“4 

4.1  10 

"■9 

2.6  10 

1.3  10'^ 

£  10“*® 

4.8  10"® 

5.2  10”® 

5.8  I0“® 

2.7  to  5.4  10*® 
lO 

2,9  tc  5.3  10 

3  to  6.3  10*® 
1.3  to  6.2  10*® 
1.3  to  6.2  10*® 
1.3  to  6.2  10 

30 

30 

30 

30 

30 

30 

2  10*^  to  2  10*^ 

2  10*^  to  10*^  ; 

2  10*^  to  10’^ 

JO*^  to  2.8  10*' 

10*^  to  2.B  10*^ 

10*^  to  2.0  10*^ 

iS*  incidence 


TABLE  7  -  IRfy®IATI0N  P.WMETERS  FOR  PS7  W 
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fig,  I  OTSs  DOSE  REPARTITION  FOR  ELECTRON 
IN  SPACE 


FIG,  3  COMPARIZON  BETWEEN  THE  DOSE  REPARTI¬ 
TION  IN  SPACE  AND  IN  LABORATORY 
(PROTONS) 


FIG.  4 

RADIATION  QUALIFICATION  OF  OTS 
COATINGS  (2nd  TEST) 


FIG.  2  OTS:  DOSE  REPARTITION  FOR  PROTONS 
IN  SPACE 


}  BOUKRII  AU  vV  A  PAILLOIJS 


5  PREDICTED  DEGRADATION  OF  A 

CONDUCTIVE  OCLI  OSR  (EQUATORIAL 
FACE  OF  OTS) 


FIG.  6  PREDICTED  DEGRADATION  OF  A 

DONDUCTIVE  PPE  OSR  (EQUATORIAL 
FACE  OF  OTS) 


FIG.  7  PREDICTED  DEGRADATION  OF  AN  OCLI  OSR 
(NORTH  AND  SOUTH  FACE  OF  OTS) 

THE  DOT  CORRESPONDS  TO  THE  DEGRADATION 
MEASURED  IN-ORBIT 


K  ADIATIONS  ON  POLYMtRS  AND  THERMAL  CONTROL  (  OATINGS 


. 

13  G 

■  _ L.X.Jt 

....  I ....  I 

U  1 


DKGRADATION  OF  THE  S13G  PAINT  ON 
THE  EQUATORIAL  FACE  OF  OTS 

THE  LINE  CORRESPONDS  TO  THE  PREDIGTI’.D 
DEGRADATION »  THE  DOTS  CORRESPOND  TO 
THE  DEGRADATION  ESTIMATED  FROM  IN- 
ORBIT  DATA 


FIG.  9  -  KSTIMATEI)  DEGRADATION  OF  A  PSG  120 
PAINT  ON  AN  EQUATORIAL  FACE  OF  OTS 


RADIATIONS  ON  POLYMERS  AND  THERMAL  CONTROL,  COATINGS 


FtG.  19  REFLECTANCE  VARIATION  COMPARED  TO  THE 
DEGRADED  ZONE  THICKNESS  OF  S13G  PAINT 


radiations  ON  POLYMERS  ANDTHERMAL  CONTROL  C  OATINGS 


PHOTO  1  -  COMBINED  RADIATION  FACILITY  AT  DERTS 
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RANGE  AND  INTERACTION  OF  LOW  ENERGY  PROTONS  IN  METAL  AND  METAL  OXIDE 

THERMAL  CONTROL  MATERIALS 


S  A  Greenberg  &  M  M cCargo 

Lockheed  Palo  Alto  Research  Laboratory,  Palo  Alto,  California,  USA 


ABSTRACT 

The  effects  of  low-energy  protons  on  the  properties 
of  typical  metal  and  metal-oxide  thermal-control 
materials  arc  addressed  from  a  fundamental  mecha¬ 
nistic  standpoint*  A  novel,  direct  method  for 
evaluating  range-energy  relationships  for  protons 
In  a  variety  of  stopping  media  Is  described.  Com¬ 
parison  of  the  results  for  metals  of  diverse  atom¬ 
ic  numbers  has  led  to  modification  of  existing 
range  theory  incorporating  corrected  electronic¬ 
stopping  cross  sections.  A  phenomenological  model 
for  the  pro ton- induced  coloration  of  zinc-oxide 
pigments  has  been  formulated.  Experimental  results 
Indicate  that  optically  active  defect  centers  are 
created  which  do  not  undergo  self-annihilation 
even  at  very  high-proton  fluence. 

1.  INTRODUCTION 

Keywords:  Thermal-Control  Materials ,  Proton  Range, 
Straggling,  Metals  and  Metal  Oxides,  Damage  Mecha¬ 
nisms,  Energy  Deposition,  Zinc-Oxide  Pigments, 
Optical  Properties 

Conventional  spacecraft  thermal-control  materials 
have  been  shown  to  undergo  degradation  upon  expo¬ 
sure  to  the  low-energy  proton  component  of  the 
solar-wind  environment.  Although  sufficient 
laboratory  simulation  and  flight  data  exist  to 
quantify  the  magnitude  of  this  degradation,  mean¬ 
ingful  phenomenological  models  that  explain  or 
predict  the  pertinent  damage  mechanisms  are  lacking 
currently.  In  particular,  there  is  scant  range 
data  for  low-energy  protons  in  typical  spacecraft- 
functional  surfaces,  which  precludes  adequate  cor¬ 
relation  of  the  changes  in  optical  properties  with 
lattice-defect  concentrations  and  spatial  distri¬ 
butions. 

Wliile  considerable  attention  has  been  given  to  the 
depth  distribution  of  heavy  ions  in  a  variety  of 
stopping  media,  little  information  is  available 
for  light  ions  in  metals  and  metal  oxides .  Ander¬ 
sen  and  Ziegler  (Ref.  1)  recently  summarized  and 
discussed  the  results  of  low-energy  protons  and 
helium  ions  in  a  number  of  target  materials,  while 
Lindhard  et  al  (Ref.  2)  and  Schiott  (Ref.  3)  have 
performed  a  thoeretical  treatment  for  the  passage 
of  energetic  ions  through  matter.  Schiott  (Ref.  3) 
specifically  directed  his  analytical  approach  to 
the  range  of  light  ions  in  metals.  In  order  to 
understand  the  degradation  phenomena,  it  is 


necessary  to  elucidate  the  mechanism  of  energy  loss 
along  the  path  which  controls  the  depth  distribu¬ 
tion  of  the  Impinging  ion,  as  well  as  the  radiation 
damage  which  ensues  as  the  energy  is  transferred 
to  the  atoms  of  the  stopping  medium,  thereby  caus¬ 
ing  lattice  defects  and  color-center  formation. 

2.  EXPERIMENTAL  TECHNIQUE 

Conventional  methods  for  determining  range-energy 
relationships  of  low-energy  protons  in  a  variety 
of  target  materials  have  been  limited  to  Indirect 
depth  profile  determination  techniques  including 
optical  property  changes  (Ref.  4)  ion-back  scatter¬ 
ing  (Ref.  5)  and  nuclear  resonance  (Ref,  6).  This 
study  is  based  on  a  new  approach  for  direct  meas¬ 
urement  of  proton  transmission  spectra  of  thin- 
metallic  and  dielectric  films. 

The  traditional  problems  of  producing,  supporting, 
and  characterizing  very  thin  films  is  circumvented 
by  deposition  of  the  target  material  directly  upon 
the  proton-detector  surface.  The  method  is  based 
on  the  principle  that  a  beam  of  charged  particles, 
stopped  in  a  conductive  medium,  will  generate  a 
current  proportional  to  the  particle  flux,  as  in  a 
simple  Faraday  cup.  If  the  conducting  surface  is 
a  thin-metallic  film  on  an  Insulating  substrate, 
the  current  measured  from  the  film  to  ground, 
should  decrease  as  the  proton  energy  increases 
sufficiently  to  permit  Incident  particles  to  pene¬ 
trate  the  film  and  deposit  in  the  insulating  layer. 
Similarly,  for  the  case  of  a  thin  insulating  film 
deposited  on  a  conductive  substrate,  the  current 
induced  in  the  substrate  should  increase  as  the 
protons  penetrate  the  dielectric  and  come  to  rest 
in  the  conductive  medium. 

Metallic  films  (aluminum,  copper,  and  gold)  were 
produced  by  vacuum  evaporation  onto  previously 
cleaned  one-inch  square  fused-silica  wafers. 
Electrical  contact  was  made  to  the  films  by  means 
of  0.003  inch  copper  wires  cemented  to  one  corner 
of  the  film  with  silver  epoxy.  Film  thickness 
determinations  were  made  using  a  Sloan  interferom¬ 
eter.  The  lower  limit  for  metal  film  thickness 
was  governed  by  the  ability  to  produce  coherent 
coatings.  In  practice,  it  was  determined  that 
below  a  few  hundred  A,  the  metal  films  were  fre¬ 
quently  physically  discontinuous  and  agglomerated. 
This  prevented  accurate  thickness  determinations 
from  being  made. 
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Aluminum  oxide  films  were  made  by  non-aqueous  anodic 
oxidation  of  99.99  percent  purity  aluminum  discs  of 
one-inch  diameter.  The  technique  for  producing  re¬ 
producible  oxide  layers  of  controlled  thickness  has 
been  previously  described  (Ref.  7).  Electrical  con¬ 
tact  was  made  to  the  unanodized  back  surface  of  the 
aluminum  substrate. 


Direct  range  measurements  of  protons  in  zinc  oxide 
were  not  practical  by  the  method  utilized  in  this 
study.  Consequently,  only  the  optical  property 
effects  of  protons  were  studied.  Potassium-silicate 
stabilized  zinc-oxide  specimens  were  prepared  by 
compacting  the  powder  in  recessed  aluminum  holders. 
Formulation  procedures  for  the  Zn0/K2Si03  material 
have  been  previously  described,  together  with  details 
of  the  optical  property  measurement  techniques 
(Ref.  8). 


A  Texas  Nuclear  Model  9A00  low-energy  accelerator 
was  used  in  conjunction  with  an  ORTEC  Mass  Analyzer 
to  produce  a  mass  analyzed  proton  beam.  Figure  1 
shows  the  vacuum  exposure  chamber ,  8amp3  e  mounting 
arrangement  and  associated  equipment  in  schematic 
form.  The  proton  beam,  produced  from  a  radio¬ 
frequency  ion  source,  was  focused  through  an  Einzel 
lens  mass-analyzer  unit  to  provide  a  collimated 
essentially,  pure  H+  beam.  The  protons  were  assumed 
to  be  monoenergetic  corresponding  to  the  sum  of  the 
impressed  extraction  and  acceleration  potentials. 
PrLon  fluxes  varied  from  2  x  lOS  p+/cm2-s  at  the 
lowest  energies  to  5  K  lOlO  p+/cm2-s  at  high 
energies . 


Figures  2  and  3  show  typical  proton  transmittance 
spectra  (integral  and  differential)  for  aluminum 
and  aluminum-oxide  films  respectively.  The  experi¬ 
mental  spectral-energy  parameters  characteristic 
of  this  technique  for  each  film  thickness,  are 
defined  as 

E  =  Threshold  energy  for  proton  penetra- 
^  tion  (incipient  transmittance) 

E  =  Median  proton  penetration  energy 
^  (50  percent  transmittance) 

E  =  Limiting  proton  penetration  energy 
^  (100  percent  transmittance) 


fNClOt  Nl  P«OrON  I  NfflC-V 


Figure  2.  Typical  Proton  Transmission  Spectrum 
for  Aluminum 
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Figure  1.  Schematic  Representation  of  Facility 


The  Faraday  cup  and  samples  were  mounted  on  a  rotat' 
able  table  and  alternately  exposed  to  the  proton 
beam  at  each  energy.  The  induced  currents  were 
measured  with  a  Keithley  Model  610A  electrometer. 


For  metallic  films  on  insulating  substrates,  the 
proton  transmittance  (Tp)  at  a  discrete  energy  was 
defined  as: 

(Sample  current)  (Faraday  cup  area) 

%  ^  ^  ”  (Faraday  cup  current)  (Sample  area)^^^ 


For  insulating  films  on  metal  substrates 

current)  (Faraday  cuj)_^^l),  ^2) 
*  (Faraday  cup  current)  (Sample  area) 


Figure  3.  Typical  Proton  Transmission  Spectrum 
for  Aluminum  Oxide 


For  this  study,  the  median  proton  penetration  energy 
(E  y„)  has  been  chosen  as  the  principal  parameter, 
because  of  its  natural  relationship  to  the  conven¬ 
tional  theoretical  and  practical  concept  of  median 
projected  range.  However,  and  Ei  retain  signif¬ 
icance  with  respect  to  defining  boundary  values  for 
the  elastic  and  inelastic  scattering  processes 
associated  with  proton  straggling. 

3.  experimental  RESULTS 


3.1  Metals 

Median  proton  ranges  in  aluminum,  copper,  and  gold 
as  a  function  of  incident  proton  energies  are  shown 
in  Figure  A.  For  each  metal,  the  range  decreases 
monotonically  with  energy.  The  data  are  presented 
in  terras  of  geometric  penetration  normal  to  the 
sample  plane,  (projected  range).  Consequently,  for 
each  proton  energy,  the  range  decreases  as  the  den¬ 
sity  of  the  stopping  medium  IS  increased  (l.e., 

Rai  >  >  ^^Au)  • 
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The  quantitative  results  are  particularly  signifi¬ 
cant  In  that  they  provide  a  unique  opportunity  to 

d:tr:bta"::d\“‘="'  predictions  with  experl.eL!l 
data  obta..ned  by  a  single  technique  over  a  wide 

range  of  proton  energies  and  target  atomic  numbers. 
3»2  Aluminum  Oxide 

Figure  5  presents  the  proton  range-energy  results 

teLnl'™^"””  target-preparation 

th!n  thinner  films  to  be  studied 

“^tals .  Consequently,  the 
hfl!!  P®'^®"'®ters  of  very  low-energy  protons 

have  been  measured  for  the  first  time. 


Figure  5.  Proton  Range  In  Aluminum  Oxide 

TJ,e  character  of  the  proton  range-energy  relation- 

of  II n  significantly  different  from  that 

of  Al.  Despite  the  fact  that  the  density  of  AloOi 
Is  greater  than  that  of  Al,  the  median  range  of  pro¬ 
tons  xs  greater  in  the  oxide.  In  addition,  an 
inflection  in  the  range-energy  plot  occurs  in  the 
low-keV  region,  suggesting  that  a  change  in  the 
Stopping  mechanism  occurs. 

3.3  Zinc  Oxide 

Typical  degradation  of  the  reflectance  properties 
of  a  Zn0/K2Si03  powder  specimen  exposed  to  1.2  keV 


Illustrated  in  Figure  6.  Two  regions  of 
Induced  optical  absorption  occur,  in  the  vlflble 
and  near  infrared.  The  visible  absorption  band 
increases  dramatically  with  proton  fluence  and 
dominates  changes  in  solar  absorptance  (Og). 


Figure  7  demonstrates  the  effect  of  proton  fluence 
on  o-g  lor  Zn0/K2.S103  powders.  It  is  notable  that 
there  appear.s  to  be  little  effect  of  incident  pro¬ 
ton  energy  on  the  degradation  p.attern  over  the 
range  of  solar-wind  energies  (0.25  -  3.2  keVl 
This  result  is  a  significant  Ldication  thal^^he 
optical  damage  mechanism  is  essentially  energy 
independent  in  this  limited  region. 


Figure  7.  Effect. of  Proton  Fluence  on  Zinc- 
Oxide  Solar  Absorptance 


4.  DISCUSSION 

The  major  processes  responsJb.le  for  energy  losses 
of  energetic:  ions  are  '»«Bes 


(i) 


Nuclear  Stopping:  Screened  Coulomb  col¬ 
lisions  between  the  moving  ions  and  the 
target  atoms 

Electronic  Stopping:  Interactions 
between  the  electrons  associated  with  the 
moving  ions  and  the  various  electrons 
(both  bound  and  free)  In  the  stopping 
medium 

Charge  Exchange;  Between  the  moving  ion 
and  the  atoms  of  the  stopping  medium. 

processes  are  energy  dependent  and  there- 
contributions  to  the  energy  loss 
along  the  Ion  path.  They  may  be  treated  indepen- 
dently  and  expressed  thus: 


(ii) 


(iii) 


250 


S  A  GREENBERG  &  M  MCCARGO 


/iJE\  . 

Adx/ 


(Ml  +  M2) 


'Electronic 


'Exchange 


so  that  the  predicted  total  path  covered  by  an  ion 
as  it  is  brought  to  rest  from  an  initial  energy 
is  expressed  as 

f  ^  dE  (4) 

"I'otal  ”  J 

At  higher  energies,  where  electronic  losses  doml 
nate,  the  particle  is  only  slightly  deflected  but 
at  the  end  of  the  path  the  elastic  nuclear  colll- 
TlonB  produce  large-angle  scattering,  so  the  aver¬ 
age  depth  is  less  than  the  total  range.  Uie  more 
importLt  parameter,  the  projected  range  Rp,  is  the 
average  depth  to  which  an  ion  will  penetrate  when 
the  iLident  direction  is  normal  to  the  surfaces. 

It  is  related  to  the  total  range  and  the  lateral 
spread  Rj_,  of  the  beam  as  shown  in  Figure  8. 


according  to  lindhard,  SCHARFF  and  SCHIOn  (LSS) 


0.8853  a 


2/3  + 


Zi  S,  Z2 


Ml  &  M2 


screening  radius 

first  Bohr  radius  of  hydrogen 

atom  (0.529  X  10-8)  cm 

Range 

Energy 

number  of  target  atoms  per  unit 
volume 

atomic  number  of  the  incident 
particle  and  target  atom, 
respectively 

atomic  weight  of  the  Incident 
particle  and  target  atom, 
respectively 
electronic  charge 


To  obtain  the  stopping  contribution  due  to  elec- 
tronic  events,  LSS  derived  a  velocity  proportional 
stopping  power  (Se)  given  by 


^  0.0793Z^-' 


z  (M  + 


2/3  :  „  2/3 
1  ^^2  , 


')3/« 


P«  RNM,4^<S‘ 


Figure  8.  Range  Parameters 


The  basic  principals  governing  these  processes  have 
been  developed  into  a  comprehensive  theory  of  atom 
ic  stopping  by  Lindhard  and  Scharff  (Ref.  9)  and  a 
morfdataifed  analysis  including  electronic  losses 
by  Lindhard,  Scharff,  and  Schiott  (LSS)  (Ref.  ). 
NLerical  solutions  to  the  LSS  equations  have  been 
developed  by  Schiott  (Ref.  3)  in  his  treatment  of 
light  ions  in  metals;  he  predicted  '-*'®J”^°3ecte  ^ 

range  Rp  was  significantly  less  than  the  total  path 
of  the  projectile,  due  to  importance  of  nuclear 
stopping. 

For  application  of  the  LSS  theory,  it  is  more  appro- 
ppTate  to  derive  a  universal  relationsh  p  or 
nuclear  stopping  (S„)  in  terms  of  dimensionless 
parameters  p  and  e  ,  defined  as 


p  «  RNM„  A  n-  a  -- — - ^ 

^  (Mj^  + 


These  electronic  calculations  do  not  produce  a 
universal  (Se)  curve,  but  rather  a  family  of  curves 
each  characterized  by  a  particular  value  of  k, 
where  k  is  of  the  order  of  0.1  to  0.25  for  >  Z2’ 
and  only  where  Z  <  <  Z  can  k  become  greater  than 
unity.  In  the  case  of  protons,  (Z^  ,  R  >  i. 

for  all  target  materials  with  Thus, 

nuclear  stopping,  the  stopping  process  at  low 

energies,  reaches  a  maximum  value  around  €  *= 

and  then  decreases.  Electronic  stopping  increases 
linearly  with  velocity  over  a  wide  range,  and, 
therefore,  becomes  the  dominant  stopping  process 
for  energies  greater  than  e  =  3. 

The  range  of  the  proton >  evaluated  by  integrating 
the  basic  LSS  stopping  power  curves,  is  the  total 
distance  R  that  the  proton  travels  in  coming  to 
rest.  In  these  experiments,  it  is  the  projected 
range  which  is  of  interest  and  the  relation^ip 
betweenV  and  R  is  Illustrated  in  Figure  8.  This 
correction  has  been  discussed  in  detail  by  LSS  and 
by  Schiott.  They  express  the  correction  term  in 
tL  form  R/Rp  =  P/Pp  “  d  +  bM2/Mi)  where  o  is 
a  slowly  varying  function  of  E  and  R.  In  the  case 
of  protons  where  Mi<  <M2,  large-scale  scattering 
makes  the  correction  between  Rp  and  R  somewhat 
larger  than  the  value  given  by  the  above  approxi¬ 
mation.  Under  these  circumstances,  electronic 
stopping  is  usually  appreciable  and  partially 


METAL  &  Ml TAL  OXIDEMATERIALS 


251 


offatts  tho  Increase  In  the  correction  term  and 
1  +  M2/3Mj^  (i.e.,  b  w  1/3)  Is  a  useful  empirical 
correction.  In  his  paper,  Schlott  (Ref.  12)  dis- 
cuaaes  the  procedure  to  be  followed  In  obtaining 
a  more  quantitative  correction,  whereby  his  correc¬ 
tion  for  values  of  Rp/R  for  light  Ions  Is  shown  to 
be  strongly  energy  dependent.  As  Z2  increases,  the 
range  decreases  due  to  the  strong  atomic  number 
dependence  of  the  nuclear  stopping  cross  section. 

Figure  9  shows  the  excellent  agreement  between  the 
experimental  results  of  this  work  with,  the  theoret¬ 
ical  curve  for  protons  in  A1  (k  =  2) ,  Data  from 

the  prior  work  of  Young  (Ref.  9),  Hines  (Ref.  A), 
and  Freeman  and  Latimer  (Ref.  8)  at/ higher  energies 
show  reasonable  consistency.  Young *s  (Ref.  8)  data 
indicates  shorter  ranges  at  low  e^due  to  his  method, 
which  only  accounts  for  measurement  of  transmitted 
protons  with  sufficient  energy  to  excite  the  phos¬ 
phor  detector. 


.,L - X - X - ^ - J 

'  t 

Figure  9.  P  “  c Comparison  for  Protons  in  Aluminum 


The  range-energy  data  generated  in  this  study  per¬ 
mit  direct  comparison  with  Schlott ’s  (Ref.  11) 
analysis.  Figure  10  shows  the  results  for  protons 
in  Al,  Cu,  and  Au  plotted  in  p-  €  parameters .  It  is 
readily  apparent,  that  Schlott *s  approach  over¬ 
emphasizes  nuclear  stopping.  Rather,  the  experi¬ 
mental  results  can  be  represented  by  a  modified 
total  stopping  cross  section  of  the  form. 


Figure  10.  Universal  P -€  Plot  for  Protons  in  Metals 


In  this  analysis,  the  average  value  of  the  elec- 

2  1/2 

tronlc  stopping  cross  section  kc  Is  used, 

rather  than  the  initial  value  (ke^/^)  35  proposed 
by  LSS  theory. 

The  analytical  treatment  is  more  complicated  when 
the  target  consists  of  two  (or  more)  different 
atomic  species.  In  many  cases,  these  species  are 
sufficiently  close  in  atomic  number  that  one  sub¬ 
stitutes  the  mean  atomic  number  into  the  LSS  for¬ 
mulas  and  proceeds  as  for  a  monoatomlc  target.  In 
the  case  of  AI2O3  where  the  two  atomic  numbers  are 
appreciably  different,  a  simple  range  formula  can 
be  derived,  provided  that  the  stopping  powers  for 
the  aluminum  and  oxygen  atoms  exhibit  the  same 
energy  dependence.  For  example,  the  two  c /E  con¬ 
version  factors  are  sufficiently  similar,  (-  de/dp) 
has  almost  the  same  slope  for  both  species.  LSS 
have  shown  that  the  R  in  a  target  composed  of  two 
species  A  &  B,  having  relative  abundances  X  and 
Xg  may  be  expressed  as  ^ 

^  \  (""a  '"a  +  V"'  (9) 

where  R.  and  R_  are  the  corresponding  ranges  in 
pure  mOnoatomic  targets.  Domeij  et  nl  (Ref.  13) 
have  used  Eq.  (8)  to  interpret  their  experimental 
data  in  AI2O3  and  WO3,  Schlott  (Ref.  12) ,  Sanders 
and  Wlnterbon  et  al  (Ref.  15),  have  recently  given 
a  detailed  treatment  of  projected  ranges  (R^)  in 
polyatomic  targets,  and  in  the  absence  of  channel¬ 
ing,  the  mean  penetration  depth  Rn  can  be  esti¬ 
mated  with  reasonable  precision,  i.e.,  to  within 
about  10  percent. 

Comparing  the  experimental  data  for  AI2O3  with 
theory  (Figure  11),  it  becomes  evident  that  while 
the  analysis  qualitatively  agrees,  some  character¬ 
istic  features  are  neglected.  In  particular,  the 
AI2O3  range-energy  data  show  a  change  in  slope  in 
the  low  keV  region  which  may  be  related  to  its 
electronic  structure.  For  low  proton  energies, 
sufficient  energy  may  not  be  available  for  excita¬ 
tion  of  the  valence-band  electrons  across  the  band 
gap  (^7  eV)  .  This  effect  could  result  ip  increased 
nuclear  stopping! and  concomitant  reductloh  of  the 
projected  range. 


Figure  11.  R - E Comparison  of  Aluminum 
and  Aluminum  Oxide 


So  far,  only  the  analytical  approach  to  deriving 
the  projected  range  Rp  has  been  considered,  but  in 
correlating  the  changes  in  optical  properties  with 
defect  concentration,  it  is  important  to  have  some 
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knowledge  of  the  range  straggling.  In  polycrystal- 
llne  and  amorphous  materials,  the  differential 
range  distribution  is  approximately  Gaussian  (see 
Figure  2)  in  shape,  and  therefore,  can  be  described 
by  a  single  parameter,  namely  the  average  fluctua- 
tion  ARp  in  projected  range.  LSS  have  developed 
a  framciwork  for  treating  the  problem  in  terms  of 
the  dita^nsloniess  energy  parameter  €  .  Their  pre¬ 
dictions  showed  that  the  straggling  is  not  strong¬ 
ly  energy  dependent  except  when  electronic  stopping 
is  dominant,  but,  in  the  case  where  <  M2  as  for 
protons,  their  approximations  do  not  hold  due  to 
the  dominance,  of  large- angle  scattering.  The  large 
value  ofARp/Rp  for  light  ions  is  expected,  because 
Rp  is  much  less  than  the  total  path  length  R. 
Schiott  (Ref.  12)  pointed  out  that  for  Mi<  M2  < 
20Mi“  it  is  difficult  to  obtain  a  single-parameter 
approximation,  and,  therefore,  each  ion-substrate 
combination  must  be  treated  separately.  In  the 
case  of  protons,  the  contribution  from  electronic 
stopping  usually  lower  the  value  of  ARp/Rp  below 
the  predicted  values. 

Figure  12  shows  that  the  experimental  values  for 
straggling  obtained  in  this  study  are  in  excellent 
agreement  with  the  predicted  values.  Straggling 
results  were  obtained  from  the  differential  trans¬ 
mittance  data  (as  illustrated  in  Figure  2b  using 
FWHM  values. 


Figure  12.  Proton  Straggling  in  Aluminum 


Although  understanding  of  the  stopping  processes 
of  low  energy  protons  in  various  media  provides  a 
basis  for  quantitative  estimation  of  range-energy 
relationships,  it  does  not,  in  itself,  provide  the 
details  necessary  to  attempt  to  correlate  proton- 
induced  optical  changes  with  lattice  defect  con¬ 
centrations  and  spatial  distributions. 

Of  specific  interest,  is  the  behavior  of  zinc 
oxide,  which  is  used  extensively  as  a  pigment  lor 
thermal-control  coatings  on  spacecraft.  ExttMiMfve 
studies  during  the  past  decade  have  shown  tlnil  XnO 
degrades  under  exposure  to  electromagnetic  ami 
charged  particle  radiation.  The  mechanism  for 
ultraviolet  degradation  in  vacuum  appears  to  lu' 
related  to  the  generation  of  hole-electron  pairs, 
followed  by  field-assisted  hole  migration  to  the 
surface,  hole  capture  by  surface  oxygen,  and  de¬ 
sorption  leaving  surface  oxygen  vacancies.  Iho 
surface  defects  manifest  themselves  by  absorption 
in  the  near- infrared  spectral  region  which  is 
reversible  in  air.  Additional  absorption  also 
appears  near  the  band  edge  which  has  been  attribu¬ 
ted  to  the  residual  excess  zinc  in  the  interstitial 


positions.  The  Infrared  absorption  can  be  signifi¬ 
cantly  diminished  by  encapsulating  the  individual 
ZnO  particles  in  a  thin  shell  of  potassium  silicate 
( ~ 50  A)  which  inhibits  oxygen  desorption. 

Low-energy  proton  irradiation  of  silicate-treated 
ZnO  produces  spectral  features  similar  to  UV  effects. 
This  is  understandable  in  terms  of  the  significant 
portion  of  the  particle  energy  expended  in  elec¬ 
tronic  excitation  analogous  to  the  valence  band- 
conduction  band  transitions  imparted  to  the  ZnO 
semiconductor  material  by  photon  absorption.  In 
addition,  the  stopping  mechanism  for  protons  in¬ 
cludes  a  provision  for  displacement  of  atoms  from 
lattice  sites,  resulting  in  interstitial  components 
which  may  act  as  absorption  centers. 

The  foregoing  experimental  and  analytical  treat¬ 
ments  provide  a  basis  for  estimating  the  projected 
range  of  solar-wind  protons  in  zinc-oxide  particles 
coated  with  thin  layers  of  potassium  silicate. 

Knowledge  of  the  range  of  protons  in  ZnO,  together 
with  an  insight  into  the  damage  mechanism,  permits 
the  formulation  of  a  phenomenological  model  for 
optical  degradation.  However,  it  is  not  possible 
to  a  priori  estimate  either  the  number  of  optically 
active  defect  sites  generated  per  incident  proton 
or  annihilation  rate  of  defects  without  making  some 
assumptions  relative  to  the  model. 

The  geometry  of  the  closely  packed  ZnO  powders  can 
be  approximated  as  continuous  strata  of  zinc  oxide 
as  shown  in  Figure  13.  Since  the  low  energy  pro¬ 
tons  have  a  range  less  than  the  particle  diameter 
(^  3000  A),  optical  damage  is  generated  exclusively 
in  the  outmost  layer  of  particles.  The  spectral 
reflectance  is  governed  by  the  scattering  properties 
of  the  powder  compact  for  the  undegraded  ZnO. 

Under  proton  irradiation,  the  outer  layer  of  par¬ 
ticles  show  an  Increased  absorption  coefficient. 
Hence,  to  a  first  approximation,  the  reflectance 
characteristics  can  be  analyzed  in  terms  of  estab¬ 
lished  theory  for  an  absorbing  film  on  a  reflective 
substrate  (Ref.  16),  if  the  absorption  coefficient 
is  determinable.  For  particulate  materials,  this 
quantity  is  difficult  to  measure  directly.  How¬ 
ever,  it  can  be  deduced  from  single  crystal  data. 

The  spectral  characteristics  of  the  proton-induced 
absorption  in  ZnO  powders  and  paints  (Figure  6) 
are  very  similar  to  the  absorption  band  in  ZnO 
single  crystals  produced  by  heating  in  zinc  vapor. 
Indeed,  it  is  very  likely  that  interstitial  zinc 
is  responsible  for  the  absorption  in  both  cases. 
Scharowsky  (Ref.  17)  has  measured  this  absorption 
coefficient  (Figure  14) ,  and  computed  the  corres¬ 
ponding  concentration  of  absorption  centers  in  the 
concentration  range  6.6  x  10^^  -  6.8  x  lO^®  centers/ 
cm3.  As  shown  in  Figure  15,  a  linear  relationship 
between  absorption  coefficient  and  excess  zinc  con¬ 
centration  permits  extrapolation  to  the  higher- 
defect  dens  1 1 1.C9  generated  by  prot<ni  bonibnrdtiient , 


Figure  13.  Geometry  of  Zinc-Oxide  Powder 
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Figure  14.  Coloration  of  Zinc-Oxide  Crystals 


Figure  15.  Relationship  of  Spectral  Absorption 
Coefficient  in  ZnO  to  Excess  Zinc 
Concentration 


In  order  to  utilize  the  relationship  shown  in 
Figure  15,  it  is  necessary  to  know  the  defect  con¬ 
centration  in  the  proton  damaged  region  (i.e., 
the  number  of  optically  active  absorption  centers 
generated  per  incident  proton).  This  quantity  can 
be  expressed  as 

fc]  =  0  (10) 

p 

where 

F  ==  Proton  fluence 

Pp  =  Projected  range 

0  -  Yield  of  defects  per  proton 

The  quantity  0  is  difficult  to  compute  directly 
with  any  degree  of  confidence  from  strictly  theo¬ 
retical  arguments.  In  particular,  for  high-proton 
fluences  there  Is  no  valid  basis  for  prcclictlng  the 
constancy  of  0,  in  view  of  the  i>oasIblllLy  of 
defect  aelf-anuihllatlon. 

In  order  to  assess  tlie  m.ignltudr  of  0,  !•>{ .  (|())  was 
utilized,  together  with  v/iiues  of  constiint  0  between 


1  and  10,  to  compute  reflectance  values  at  \  = 

450  nm.  Figure  16  shows  the  results  of  these  cal¬ 
culations  together  with  the  experimental  points. 

For  each  proton  energy,  the  corresponding  calcu¬ 
lated  range  was  used  to  compute  defect  concentra¬ 
tions.  The  experimental  points  are  in  excellent 
correlation  with  a  value  of  0  =»  1/3  defect/ 

proton.  The  close  correspondence  between  the 
shape  of  experimental  and  theoretical  curves  con¬ 
clusively  establishes  that  self-annihilation  of 
defects  does  not  occur  (i.e.,  0  -  constant)  up  to 

the  limits  of  the  experimental-proton  fluences 
(1  X  1017  p+/cin2).  For  the  hlghes t-proton  fluences, 
the  calculated  defect  concentration  in  the  damaged 
layer  corresponds  to  6.7  x  lo21  defects/cm3  or 
greater  thah  15  percent  of  the  ZnO  lattice  sites. 


Figure  16.  Effect  of  Proton  Fluence 

on  ZnO  Reflectance  at  450  nm 
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ABSTRACT 

was  developed  which  quantifies 
composite  matrix  materials  of 
high  energy  electrons  and  of  UV  as  well  as  inter 
actions  between  the  two  radiations.  LitlraJU^r 

Jadltion^k  construct  a  deg- 

ortit  at  L-T  ^  flLi'^^-"’®  f'cesponding  to  an  earth 

steldv  showed  that 

steady  state  concentrations  of  radicals  out  limitc 

werf"  iSaJfd  '^o^^'^tions.  These  conclusions 
ilflu  validated  by  an  experimental  study  on  polv- 

TOtiOSf^  ’aser  exci^tioO.  Re- 

tiOnO  +0^^*  '’®^?"cing  electron  and  UV  radia¬ 
nt?™  J  acceleration  factors  are  derived 

estimates  of  errors  included.  Pulse  radio! vsis’ 
using  an  electron-beam  along  with  time-resofved 
spectroscopy  is  shown  to  be  able  to  separate  pri¬ 
mary  from  secondary  reactions.  Implications  of 
these  reactions  to  changes  in  engineering  material 
properties  are  indicated.  The  use  of  mechanistic 
d  scussed  in  the  context  of  gOneOIl 
apSliSS!''  materials  for  space 

Keywords;  Composites,  Space  Radiation  Effects 

Polyethylene.  Polymethyl^ 
methacrylate.  Pulse  Radiolysis 


1.  INTRODUCTION 

Uncertainty  in  the  effect  of  space  radiation  on 
composites  is  a  key  obstacle  to  the  cost-effective 

JureflRS  Iwnr’l*^  of  future  large  space  struc- 
-1^  missions  (10-30  years) 

Laboratory  duplication  of  the  space  environment  ' 

pra  LT'ue^nr:  ^nd  time^onstrai-nTifim- 

mus^l^Ho  r  !’  simulation  "compromises" 
must  be  made  in  developing  test  facilities  snd 
optimized  test  strategL  Key  issuert^brJesol 

aSelStion*^fa^''°"‘^’^’°"^’  limits  to 

effects  ®“ossment  of  interactive 

mIrOc  J  environmental  stresses  and  relative 
of  strp?Ls®'''^r^’®  vs.  simultaneous  application 
of  stresses.  Moreover,  it  would  be  beneficial  to 
systematic  data  base  which  could  be  used 
or  estimations  of  life  of  materials  for  a  variety 
of  orbits  for  space  missions.  To  meet  these  needs 

cnmMK^J^''®  evaluation  program  must 

combihe  both  analytical  and  engineering  approaches. 

tvtfM?‘^imdp^  developed  which  utilizes  an  ana- 
'"aterial  degradation  in  space  to 
define  a  test  and  qualification  program  (Ref.  2). 


Data  in  the  literature  are  used  in  an  initial 
analytical  process  to  define  critical  test  para- 
meters  and  outline  a  mechanistic  test  program 
which  leads  ultimately  to  a  definition  of  test 
facilities,  critical  test  conditions  for  accelera- 
simulative  testing  and  prediction  of 
degradation  rates  in  real  time  for  a  given  space 

oP  combined  mechanistic 
tests  would  lead  to  an  improved 

thn  mechanistic  aspects  of 

the  modeling  approach  along  with  experimental 
techniques  under  development. 


2. 


BASIC  CONSIDERATIONS 


Simulation  of  environmen¬ 
tal  effects  IS  the  central  issue  in  testing.  It 

with^th!"!®"^  separate  causative  interactions 
with  the  environment  from  effects  on  materials 
caused  by  these  interactions  (Fig.  1). 


ENVIRONMENT 


e.g.,  ELECTRONS, 
UV  PHOTONS 


-MATERIAL- 


PRIMARY 

PROCESS 


-INITIAL  DAMAGE 


SECONDARY 

TERTIARY 

PROCESSES 


PROPAGATION ,  TERMINATION 
OF  DAMAGE  e.g. 

CHAIN  SCISSION,  CRACK 
PROPAGATION 

Figure  1.  Damage  Center  Formation 

Environmental  stresses  such  as  high-enerqy  elec¬ 
trons  or  UV  photons  create  initial  damage  centers 
in  the  material ;  these  primary  processes  are  re¬ 
sponsible  for  the  direct  environinent-inaterial  in¬ 
teractions.  The  fate  of  the  reactive  species  in 
the  carnage  centers  depends  on  the  chemistry  and 
physics  of  the  material;  the  resulting  secondary, 
tertiary  and  higher  order  reactions  lead  to 
changes  in  the  chemistry  and  morphology  of  the 
material  and  are  responsible  for  degradation  in 
engineering  properties.  This  provides  the  logical 
framework  for  the  definition  of  a  mechanistic' test 
program. 

Prigary  processes  (electronic  excitation,  10'^®  - 
10  sec)  can  be  studied  using  ultrafast  electron 
(or  UV)  pulses  (See  below  for  description).  These 


I’roceeitmus  of  im  ESA  Symposium  <m  Spaarniji  Moiemih.  held  oi  ESTEC.  2-5  Ocloher  1970  ESA  .S7>-I45  {perrmbir  1979). 
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studies  yield  data  on  mechanisms  and  rates  of  for¬ 
mation  of  damage  centers;  this  information  is  cri¬ 
tical  in  developing  test  condition  criteria  (Fig. 

2  and  Ref.  2).  Study  of  secondary  and  other 


Figure  3.  Analytical  Model  of  Degradation  of  Polyethylene  on  High  Energy  Electron  Impact 
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processes  (chemical  reactions,  10”^  -  10^  sec) 
requires  time  resolved  spectroscopy  for  fast  reac¬ 
tions  and  conventional  chemical  methods  for  slower 
processes.  This  part  of  the  study  provides  infor¬ 
mation  on  the  fate  of  damage  centers,  (viz.,  quen¬ 
ching,  propagation  and  termination  processes),  and 
on  reactions  which  determine  changes  in  engineering 
properties;  it  also  guides  approaches  to  improving 
material  stability.  For  example,  it  is  known  that 
crosslink  reactions  cause  embrittlement  and  that 
certain  aromatic  compounds  are  capable  of  dissipa¬ 
ting  electronic  excitation  energy  by  radiative  or 
non-radiative  processes.  These  effects  are  domina¬ 
ted  by  kinetic  rather  than  thermodynamic  eciui li¬ 
brium  criteria  and  indicate  the  need  for  using 
transient  kinetic  data  and  why  conventional  steady 
state  chemical  and  engineering  inputs  are 
insufficient. 

3.  METHOD  VALIDATION 

An  analytical  model  was  developed  which  quantific". 
ettects  of  high  energy  electrons  as  well  as  inter- 
actions  between  electrons  and  UV  photons.  Proton 
effects  were  omitted,  although  their  incorporation 
into  the  overall  scheme  should  be  straightforward 
uur  intent  is  to  apply  our  methodology  to  evalua¬ 
tion  of  space  effects  on  epoxy,  polyimide  and  polv- 
sulfone  graphite  composites,  but  the  methodology  ' 
had  to  be  validated  before  commitments  of  resources 
were  made.  Validation  studies  follow  in  the  order 
in  which  they  were  performed. 


The  observed  failure  modes  of  PE  exposed  to  space 
radiation  can  be  readily  modeled  in  terms  of  the 
proposed  scheme.  Thus  polyethylene  becomes  brit¬ 
tle,  loses  mass  in  the  form  of  Ho  and  becomes 
strongly  colored.  The  brittleness  is  directly 
related  to  processes  represented  by  eqs.  9,  10  and 
11,  mass  loss  to  eqs.  3  and  4  and  coloration  by 
eg.  12.  Hence,  the  rate  of  increase  in  crosslink 
density  (related  to  an  increase  in  brittleness), 
is  proportional  to  the  square  of  the  steady  state 
allyl  radical  concentration.  Thus,  by  linking 
modulus  with  crosslink  density  one  can  plot  the 
rate  of  change  of  modulus  since  change  in  cross¬ 
link  density  is  proportional  to  kinCRi]?.  +  knCVl 

'^.*^1 1^^] ]sstR‘ Iss ’  term^^eing^ 

relatively  unimportant.  Further,  we  see  a  corre¬ 
lation  between  fl2  evolution  yield  and  alkyl  radi¬ 
cal  yield.  Hence  we  can  establish  a  correlation 
between  two  failure  rates  such  as  brittleness  and 
coloration  through  mechanistic  considerations 
which  eliminate  stress  as  a  variable.  This  is  of 
practical  consideration,  since  it  may  be  conven¬ 
ient  to  measure  rate  of  coloration  and  predict 
the  rate  of  brittleness  H^om  this  analysis  instead 
of  relating  these  two  failure  modes  individually 
to  magnitude?  of  stress.  These  relationships  be¬ 
tween  two  failure  modes  are  expected  to  be  inde¬ 
pendent  of  stress  parameters  up  to  the  limit  of 
valid  acceleration.  Hence  this  model  provides  us 
with  a  simple  technique  to  measure  acceleration 
factors,  and  to  also  verify  this  model. 


3.1  Polyethylene  Model 

The  model  was  applied  to  polyethylene  (PE)  exposed 
to  radiation  corresponding  to  an  earth  orbit  at 
L=3.  Data  from  literature  were  used  to  construct 
a  degradation  kinetics  scheme  (Ref.  2)  which  is 
summarized  in  Fig.  3. 


The  primary  degradation  product  is  the  alkyl  radi¬ 
cal,  R  ,  (-CH2-CH-CH2-)  which  is  usually  formed  iti 
spurs  or  regions  of  high  concentration  and  may 
undergo  primary  recombination  or  may  migrate  alomi 
or  across  chains  until  it  comes  across  a  double 
bond  where  it  forms  an  allyl  radical,  R,- , 
(-CH-CH^Cfi-CHg-) .  Concordant  with  allyl  radical 
formation,  hydrogen  radicals  are  also  formed  whidi 
either  recombine  with  another  hydrogen  radical  to 
form  H2  or  abstract  a  hydrogen  atom' from  the  poly¬ 
mer  backbone  again  forming  H,,  and  generating 
another  alkyl  radical  (eg.  3).  Thus  we  may  have 
two  different  types  of  alkyl  radicals  in  the  sys¬ 
tem;  primary,  alkyl  radical  pairs  caged  in  damage 
centers  or  free  alkyl  radicals.  Hydrogen  is  thus 
a  principal  decay  product. 


ine  literature  shows  that  only  about  3.6%  of  the 
alkyl  radicals  become  "free  alkyl  radicals"  up  to 
a  dosage  of  110  Mrads,  which  is  approximately 
equivalent  to  30  years  or  more  exposure  in  an 
environment  which  deposits  6  x  loS  rMeV  per  second 
in  the  form  of  e-beam  excitation.  However,  the 
steady  state  concentration  of  allyl  radicals 
(Eq.  13)  goes  through  a  plateau  at  about  80  Mrad 
since  at  these  dosages  (Ref.  /I),  eg.  11  becomes 
important.  In  eg.  13,  kg/^k^  +  kg)  is  approxi¬ 
mately  036,  I  IS  the  steady  state  rate  of  genera¬ 
tion  of  alkyl  radicals,  equaling  PG  x  10^,  when  P 
IS  the  incident  energy  of  electron  beam  in  McV/sec 
LyJ  IS  the  end  group  (double  bond)  concentration. 
onoO^  iiiodoling  is  based  on  rates  measured 
I  nation  energy  of  ku  is  about 

''3  (O-l-;?)  X 

10  J/mol'\  Analysis  of  those  data  also  yields 
values  of  Rj  concentration  as  function  of  e-beam 
V?’  4  indicates  that  at  a  dose  rate  of 
bO  x  10  MeV/sec,  accelerated  exposure  rates 

exposure  conditions, 

thus  defining  limits  to  practical  accelerated 
test  conditions. 


In  this  scheme  equations  1  and  2  represent  forma¬ 
tion  of  alkyl  and  hydrogen  radicals  via  ion  radical 
recombination  or  other  primary  excitation  routes. 
Crosslinking  processes  (eqs.  9,  10  and  12)  are 
quite  important  and  cause  brittleness  to  develop 
in  polyethylene  or  exposure  to  e-beam  radiation. 
Decay  of  free  alkyl  radicals,  i.e.,  those  which 
escap'  the  primary  cage,  can  take  place  by  recom¬ 
bination  but  at  realistic  dose  rates  recombination 
IS  very  inefficient.  Similarly  does  not  effi¬ 
ciently  combine  with  R.,  since  [R-],,.  the  steady 
state  concentration  of  R*,  is  expeclld  to  be  small 
(eq.  11).  Ultimately  R*  starts  interacting  with 
conjugated  double  bonds  which  may  be  formed  by  ro- 
comginatlon  of  n\  and  form  polyene  radicals  (eq. 

12)  which  are  strongly  colored  and  diffuse  very 
slowly,  being  essentially  stable. 


In  regard  to  UV  fiffects,  it  is  known  that  allyl 
radicals  absorb  UV  at  238  nm  and  at  wavelengths 
greater  than  390  nm.  From  literature  data  (Refs 
3  and  4),  approximate  extinction  coefficient  val¬ 
ues  of  10  and  10  may  be  assigned  as  an  upper 
limit  at  these  wavelengths.  Since  [Rj]^,  =  5.8 
X  10'°  moles/It  at  10^  MeV/sec  of  e-beam  exci ta- 
tion,  It  follows  that  absorbance  due  to  R;  will 
not  exceed  .058  and  .0058  at  these  two  wavelengths. 
This  means  that  approximately  14%  of  solar  irra- 
diance  at  238  nm  will  be  absorbed  by  allyl  radi- 
irradiance  in  the  range 
390-500  nm  will  be  absorbed.  It  is  known  that 
the  long  wavelength  excitation  converts  the 
allyl  radicals  back  to  alkyl  radicals  of  the 
same  type. 
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-CH-CH=CH=CH2- 


-CH-CH2-CH=CH-CH2- 


Hence  there  is  some  measurable  effect  of  UV  on 
transients  generated  by  e-beam  excitation.  This 
effect  is  much  more  pronounced  in  a  combinea 
accelerated  exposure,  which  will  therefore  unduly 
emphasize  this  "cross  term."  Thus  a  lOx  acceler, - 
tion  of  e-beam  intensity  will  produce  a  [RiJjc  ot 
^  2  X  10“^  moles/lt  which  will  have  an  absorBance 
of  0  2  at  238  nm  resulting  in  40%  absorption  at 
238  nm.  Simultaneous  acceleration  of  e-beam  and 
UV  should  thus  be  avoided,  and  if  acceleration  of 
e-blam  excitation  is  desired.  UVshoud  be  attenu¬ 
ated  relative  to  real  time  values.  Fig-  ^  snows 
the  calculated  ratios  of  e-beam  and  UV  fluxes  which 
preserve  the  proper  balance  of  free  radical  concen¬ 
trations,  and  preserve  reaction  mechanisms,  and 
Sur allow  correct  extrapolations  of  accelerated 
test  data;  a  ratio  of  1.0  corresponds  to  real  time 
conditions. 


o  real  time  exposures,  extrapolated 

•  RESULTS  OF  ACCEl£RATED  TESTS 


EXPECTED  FLUX  FOR  LO  ORBIT 


=  10 


0.1  "" — 

(0.50  X  10^)  MeV/s  OF  INCIDENT  E-BEAM  ENERGY 

Fiaure  4.i  Deviation  from  predicted  degradation 
^  rate  as  a  function  of  acceleration 

factor  in  polyethylene 

32  Experimental  Model  Validation 

The  analysis  of  the  PE  model  showed  the  role  played 
by  free  radicals  in  limiting  acceleration  factors 
(Fia.  4).  For  an  experimental  validation  P' 
concept  a  study  was  carried  out  on  polymethylmetha- 
crvlate  (PMMA)  because  of  the  extensive  literature 
on^its  photochemistry.  A  pulsed  UV  laser  was  used 
as  the  excitation  source  in  order  to  simplify 
experimental  procedures.  To  be  the  chemistry 

induced  by  a  e-beam  would  differ  in  detail,  but  the 
generic  problem  would  be  the  same.  From  literature 
Snd  from  our  recent  results,  mechanisms  for 
and  secondary  PMMA  reactions  were  defined  (Fig.  6). 
Laser  pulsing  was  performed  at  77  K  and  radical 
measurements  were  made  at  the  same  tsmperatuie 
using  e.s.r.;  by  stabilizing  radicals  at  low  temper¬ 
ature  one  could  study  the  effect  of  increasing  flux 
by  simply  increasing  the  number  of  pulses.  Fig.  / 
shows  the  concentration  of  the  propagating  chain 
radical  as  function  of  flux.  The  downward  bend  of 
the  curve  is  similar  to  that  for  PE  (Fig  4),  at 


E-BEAM  FLUX  RELATIVE  TO  THAT  IN  L  =  3  ORBIT 

Figure  5.  Proposed  strategy  for  multistress 
exposure  of  polyethylene 

high  flux  values  the  curve  reaches  a  maximum  and 
finally  bends  downward.  This  behavior  is  contr 
led  by^competitive  f^ondary  photolysis  P^oJ^^ts 
(Fig.  8  dashed  line);  the  effect  starts  to  be 
noticeable  at  fluxes  corresponding  to  150-200 
nulses  and  clearly  saturation  is  reached  at  about 
S  puiser(Fig.  7).  Thus,  how  free  radical  con¬ 
centrations  limit  acceleration  was 
experimentally,  in  accordance  with  predictions 
made  on  the  PE  model . 

3.3  Pulse  Radiolysis 

npveloDment  of  the  pulse  radiolysis  method  is  in 
nroaress  Preliminary  experiments  were  performed 
Sn  poSu-vinylnapthaleneh  PIVN,  and  poly(2-vinyl-  , 
naphthaUne),  P2VN,  as  model  systems  because  of  the 
existing  background  on  their  electronic  excited 
states. 

Pulse  radiolysis  experiments  were 
3  ns  600  KEV  electron  beam  pulses  from  a  Febatron 
(Hewlett  Packard)  (Fig.  9). .  This  linear  a^^- 
ator  '-as  modified  by  inserting  a  precision  delay 
generator  in  its  pulse  circuit 

Transient  absorption  was  detected  using  a  Xenon 
Flash  lamp  and  collimating  optics  using  the  same 
deSt  1or.issembly  as  above.  Dosimetry  was  carried 
out  by  monitoring  H2  evolution  from  cyclohexane. 

From  our  results  a  mechanism  for  primary  processes 
Ss  p?o5osed  (Fig.  10).  Ion  radicals  decay  through 
rerembination  within  spurs,  hence  avoid  degradation, 
although  it  is  known  that  they  are  thermodynamically 
unstable.  When  these  ion  radicals_are  prepared  at 
lower  concentration  by  conventiona  techniques, 
they  lead  to  relatively  rapid 

(Ref.  9).  In  the  present  case  degradation  products 
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are  and  formation  of  unsaturation. 

Partial  support  for  the  proposed  mechanism  was 
provided  by  emission  spectroscopy  on  PIVN  (Fig.  11) 
The  prompt  emission  comes  from  excited  states 
(first  excited  singlet  at  400  nm  and  first  triplet 
at  500  nm)  generated  by  ion  radical  recombination 
inside  spurs  while  delayed  emission  comes  from 
these  excited  states  generated  by  recombination  of 
"free"  ion  radicals,  presumably  through  long  range 
interactions  such  as  hopping  or  tunnelling.  These 
preliminary  results  give  us  confidence  that  pulse 
radiolysis  studies  will  provide  quantifiable  data 
on  primary  processes. 

4.  CONCLUSIONS 

Implications  of  the  results  of  our  analytical 
approach  to  testing  are  that  certain  boundaries 
to  test  design  parameters  can  be  defined  even  from 
preliminary  models,  which  otherwise  would  have 
required  extensive  long-term  real-time  and 
accelerated  tests. 
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AT  HIGH  UV  FLUXES  THE 
SECONDARY  PHOTOLYSIS. 


RADICALS  CAN  UNDERGO 


Maximum  permissible  acceleration  factors  were 
calculated  from  steady  state  concentrations  of 
free  radicals.  This  criterion  was  first  predicted 
analytically  and  then  validated  experimentally. 
Similar  considerations  of  free  radicals  kinetics 
provide  a  criteria  for  using  a  raster  electron- 
beam  instead  of  continuous  beam  (Ref.  2).  It  is 
concluded  that  repeat  frequencies  of  less  than 
1  sec  only  are  acceptable  for  temperatures  not 
exceeding  373°K. 

There  are  advantages  to  carrying  out  sequential 
(e-beam  and  UV)  rather  than  simultaneous  tests 
since  errors  can  be  estimated  and  are  likely  to  be 
relatively  small.  If  simultaneous  testing  is  used 
the  ratio  of  the  two  fluxes  must  be  selected  care-’ 
fully,  otherwise  "cross-term"  effects  may  dominate. 


Figure  6,  Analytical  model  of  degradation  of  PMMA 
induced  by  pulsed  UV  laser 


Figure  7.  Dependence  of  adical  oncentration  on  intensity 


RADICAL CONCN,  ARBITRARY  UNITS 


,1  MOACANIN  \  At. 


Figure  8.  Secondary  photolysis 
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Figure  9.  Pulse  radiolysis 
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Figure  10,  Proposed  mechanism  for  primary 
processes  in  PIVN  and  P2VN 


If  In  the  course  of  long-term  testing,  there  is 

exposure  to  radiation, 

an  estimate  of  the  time  needed  for  radicals  to 
reach  steady  state  should  be  estimated.  For  poly- 
ethylene  at  ambient  temperature  this  time  is  about 
200  hours  for  lOx  acceleration,  and  hence  in  this 
case  this  can  be  considered  to  be  the  minimum 
period  of  umnterupted  exposure. 

Because  of  the  large  stopping  power  for  low  energy 
electrons,  there  will  be  a  wide  spectrum  of  elec¬ 
tron  energies  corresponding  to  L=3  (Ref.  2). 

conclude  that  mechanistic  experiments 
should  be  done  at  two  energy  levels  at  least. 
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ABSTRACT 

one^p^ror^rea®  roBuJtB  from 

satins  fh  f  programme  which  is  Investl- 

?orc»?  ?  behaviour  of  fiberrelnl 

lecteii  "’^brlx  composite  materials  sub- 

senn^>  f  space  environment.  The  pre- 

sent  work  is  concerned  with  the  influence  of  tLr 
mal-vacu™  conditions  on  mechanical  stlfLeL 

illllUllTcS  ^1n“  -mcient  of"th%^al 

y  reaction  with  the  atmosphere  fev 
absorption)  CTP  flo+»  moisture  re- 

cAGceaing  six  months  duration.  The  recc„i  +  -t„„  • 
formation  will  be  useful  -in  resulting  in- 

Expansion,  Strength  Stiffness.  ^nermal 


1 .  INTRODUCTION 

ieSauf  and  future  spacecraft. 

structural  components  with  essentifliiv  c  ^ 
effipipnt  ^  ^  essentially  a  zero  co- 

icient  of  thermal  expansion  (CTE)  in  Dres-rTh^.r^ 

no™"^r""  themal  enviro^ent 

pert  of^mpoT*®'’®e  spacecraft.  Another  as- 
thelr  eno™o,^c“^\^°^  structures  is 

ular  soe  various  atomic  and  raolec- 

cult  task  1  “  °"®  the  diffi¬ 

cult  task  of  asncssing  the  degree  to  which  this 

environment  win  affect  materLl  propIrt^L  ov^r  a 


eecn”»r‘^  'I'hin  in  of  parttcuJur  con- 

cern  since  many  organic/polymeric  materials  are 

mrter?airi"  -  r.oWte 

are  ml  t  "  addition,  most  commercial  polymers 

loL  addl^rr  P°lyi"orlc  material  nnd'^L! 

lous  additives  such  as  solvents,  catalysts  anti 

aids,  etc.  Consequently 
bard  vacuum  alone,  the\oEs  of 
adsorbed  and  absorbed  gases  as  well  as  subllma 

^uentrortr'’^\'°"-°f  '"°^®  volatile  consti- 
tuents  of  the  material  can  occur,  all  of  which 

Finals  elevated  iemperat^^e? 

therma^V  effects  of  radiation  and 

of  hicrpr^^’-r^^f  eround-based  simulation  is 
of  high  priority.  In  this  context,  it  seeme  that 
a  complete  simulation  is  Impossible;  howeve^  thl 
combined  effects  of  temperature,  vacuum,  U?V. 
radiation  together  with  selected  high  energy  and 
molecular  beam  bombardment  can  be  attained  While 
providing  an  appropriate  simulation.  It  Is  t)!^ 

Ing  musf  b  present  programme  that  all  test- 

reLinlL  i  i-^-.  vlth  the  samples 

remaining  In  the  space  environment.  This  auDroarh 
eliminates  ground  handling  effects  and  re- 

a^wll^^e^  °b  moisture  or  contaminants, 

atmSerl  re-exposed  to  the 

describes  three  simulators 
Ing  used  to  evaluate  composite  materials  In- 
situ  and  provides  some  test  data  on  graphite/ 

PRdTq  Kevl^ /epoxy  (3M  SP306, 

PRD-it9-^II)  and  boron /epoxy  (3M  SP290).  Up  to 
the  present,  emphasis  has  been  placed  on  deter¬ 
mining  the  long-term  effect  of  thermal-vacuum 
ycling  on  the  CTE  response  with  some  short  term 
Strength  and  stiffness.  It 
should  further  be  noted  that  this  work  represents 

c™nlet^°r^°"-°^  ^  ”’°^®  extensive  programme,  a 
nb^  the 

with  tbot  bA  P’^°^tde  comparative  data 

*  obtained  from  the  simulators,  experi¬ 
mental  packages  (Fig.  S)  containing  a  variety  of 
composite  samples  (l.e.,  tubes  and  flat  plate 
specimens  fabricated  from  the  same  materLls) 
were  assembled  to  fly  on  the  first  NA,-3A  t.ong  Dura- 
^b^  Paelltty  (lDEF)  satellite.  Together 

the  combined  simulation  and  flight  test  resuUs 
should  provide  a  comprehensive  set  of  design  data. 


£S,  . . .  J  , 


264 


rc'ti-:nnyson4.v  al 


[  DEFINITION  SPACE  ENVIRONMENT  ^|gsYNWRO>^?S^  j 

j  BFreCTS  ON  POLYMER  MATRIX  MATERIALS  /  COMPOSITES  j 

ruATFR.*l  ArtrcTloN  '  ^WFORCEO  EPOXIES,  THERMOPLASTICS,  POLVIMIDEsl 
material  SELECTIOHI  (jaaphITF  ,  BORON ,  KEVLAR 

^  .  .1  . 

lofllME.  MATtHIAl  FXPtHIMENTR  j 


EXISTINfl 
UTIAS 
rAI'll  ITIFS 


K 


I  FLIGHT  TEST  1 

[  HAHOWARf  DEVELOPMENT  | 

!  rilOHI  TISl  MIA  1 
j  I  HOM  CANAIHAN/US 
SATtUITES 


material  PROPERTIES 

lAkiirAi  / 
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AND  SPACE  SIMULATION  DATA 


Figure  1/  F.lov  chart  illustrat.hig  rosearihi  pro- 


grtunino  at  UTlAl’ 


Figure  2.  IFTIAS  composite  flight  package  for 


LDFF  mission . ■ 

PKSCKirTION  OF  UTTAS  SPACE  SIMULATORS 

The  central  parameter  in  a  space  environment  is  an 
extremely  hard  vacuum  combined  with  an  infinite 
pumping  capacity.  Pressures  of  approximately  10“12 
torr  and  lower  can  be  encountered  at  orbital  alti¬ 
tudes.  For  simulation  purposes,  maintaining  a 
working  vacmim  of  10-"^^  torr  is  extremely  difficult. 
However,  the  same  outgassing  effects  can  be  ob¬ 
tained  at  somewhat  higlier,  more  easily  obtained 
pressures.  The  effect  of  a  total  vacuum  (O  torr) 
is  that  each  molecule  leaving  an  exposed  surface 
never  returns.  In  this  case,  the  molecular  loss 
rate  is  a  function  only  of  the  nature  of  the  mater¬ 
ial  (i.e.,  vapor  pressure  and  molecular  weight)  and 
absolute  temperature.  This  effect  is  closely 
approached  when  the  mean-free-path  is  sufficiently 
large  in  comparison  to  system  dimensions.  In  ac¬ 
tual  practice,  this  can  be  achieved  at  pressures 
of  about  10*^*  or  10-5  torr  (mean-free-path  for  air 
.5  to  5  meters).  On  this  basis,  a  system  maximum 
operating  pressure  of  10-5  torr  is  considered  suf¬ 
ficient  for  the  proposed  simulation.  In  this  press¬ 
ure  range,  radiation  is  by  far  the  dominant  thermal 
energy  transfer  mechanism,  therefore,  heating/ 
cooling  effects  similar  to  those  encountered  in 
space  can  be  achieved.  However  the  three  simula¬ 
tors  described  below  are  all  capable  of  maintaining 
a  working  vacuum  ranging  from  10”^  to  10~®  torr. 


2.1  Thermal-Vacuum  Facility  With  In-Situ 
Mechanical  Loading  (,^Sl) 

A  photograph  of  the  space  simulator  facility  with 
in-situ  loading  capability,  designed  and  con¬ 
structed  at  UTIAS,  is  shown  in  Fig.  3. 


Figure  3.  UTIAS  space  simulator  with  in-situ 
mechanical  loading. 


The  vacuimi  system  is  composed  of  several  major 
components  for  pumping,  valving,’  pressure  measure¬ 
ment,  bakjng,  trapping  and  piping,  a  complete  des¬ 
cription  of  which  can  be  found  in  Ref.  1.  The 
stainless  steel  test  chamber  is  cylindrical  in 
shape,  measuring  51  cm  in  diameter  x  117  cm  in  . 
length.  Combined  action  of  roughing  and  oil 
diffusion  pumps  with  a  liquid  nitrogen  cryogenic 
trap  above  the  diffusion  pump  permits  10“^  torr 
to  be  achieved  in  about  one  hour.  Of  particular 
interest  is  the  mechanical  loading  fixture  at¬ 
tached  to  the  chamber  door  (Fig.  M  which  can 
supply  in-situ  uniaxial  or  torsional  loading  of 
specimens.  Universal  gimbals  ensure  alignment  of 
the  load  which: is  transmitted  via  hydraulic 
pistons  acting- through  flexible  stainless  steel 
bellows. 


Figure  h.  Hinged  chamber  door  with  load  fixture 
attached. 

2.2  Long  Term'  Thermal- Vacuum  Cycling  Facility 

TSB21 


Much  of  the  work  reported  in  this  paper  was  based 
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on  continuous  Thermal  cycling  (75°  F  _<  T  _<  200°  F) 
at  10“  I  10-0  torr  over  a  period  exceeding  6 
months  using  the  facility  shown  in  Fig.  5. 


♦  • 


Figure  5.  Long  term  thennai-vacuum  cycling 
facility. 

This  ultra  high  vacuum  chamber  has  a  working  vol¬ 
ume  of  approximately  66  cm  diameter  x  76  cm 'in 
height,  ^  Pinploying  a  roughing  pump,  two  Zeolite 
adsorption  pumps  and  an  ion  getter  pump  yields  a 
vacuum  close  to  10-8  torr  in  a  fully  loaded  state. 
Currently,  158  composite  specimens  (120  flatk  + 

36  tubes)  are  mounted  in  a  tray  structure  slung 
low  the  top  chamber  closure  plate  {see  Fig.  6). 


Figure  6.  Tray  structure  containing  instrumented 


flat  and  tubular  composite  specimens. 


Of  this  number,  33  were  strain  gauged  for  monil.or*- 
ing  thermal  response  of  the  materials.  Both  Irv^vls 
of  the  tray  contain  3  thermocouples  each  to  recoi’d 
temperature.  A  description  of  tliese  specimen:'.  <';in 


be  found  in  Table  1.  Note  that  the  ’cracked’ 
samples  will  be  studied  at  a  later  date  to  assess 
fracture  toughness. 

This  facility  is  also  equipped  with  a  mass  spec-* 
trometer  capable  of  resolving  species  in  the 
range  of  13  ''  80  AMU  and  partial  pressures  of  the 
order  of  10-10  torr.  Although  a  variety  of  out- 
gassing  products  were  observed,  the  dominant  con¬ 
tribution  was  HpO^.  Figure  7  presents  the  mea¬ 
sured  partial  pressure  for  HgO^  as  a  ftmction  of 
time  and  it  was  found  that  art  acceptable  vacuum 
was  attained  in  about  two  weeks. 


fi  ooil _ .  ■  _ ^  ^ 

^  "^0  80  126  'l60^ 

NUMBER  OF  DAYS  OF  EXPOSURE 


(Temperoture  ~I90‘‘F) 

Figure  7.  Mass  spectrometer  data  on  HgO'*’  as  a 
function  of  vacuimi  duration, 

^•3  T^e^inal-Vacuum  Radiation  Facility  With  In- 
3itu  Mechanical  Loading  (SG3) 

A  third  thermal -vacuum  i’acility  (Fig.  8)  .has  been 
developed*  containing  a  U.V.  source  and  a 
emitter.  The  working  volume  within  the  cylindri¬ 
cal  chamber  is  about  i+5  cms  diameter  x  3h  ciris  in 
height.  Using  a  1000  watt  Xenon  D.C.  arc  lamp 
(Canrad-Hanovia,  USA;  ~  1000  HR  lifetime)  in  con¬ 
junction  with  a  variable  current  regulated  power 
supply  provides  a  capability  of  simulating  about 
1  solar  cons tant . over  the  wavelength  range  200  nm 
'“^400  IM.  Measurements  of  the  actual  U.V.  inten¬ 
sity,  will  be  made  with  both  short  (220  nm  '  2B0 
nm)  and  long  wave' (300  nm  “  iiOO  nm)  sensor  cells 
("Blak-Ray”  meters  UVP  Int.  Inc.,  U3A).  This  sys¬ 
tem  is  mounted  vertically  in  an  air  cooled  quartz 
tube  centered  in  the  chamber,  thus  providing  360° 
of^ exposure  (see  Fig.  9).  Electron  bombardment 
will  be  obtained  by  natural  emission  from  s90 
sources  attached  to  the  inside  wall  of  the  faci¬ 
lity.  ^  At  present  two  source  strengths  of  1  and 
50c  millicurries  provide  peak  energies  of  approxi¬ 
mately  1.5  Mr'v,  taking  into  account  the  existence 
of  an  alurrjiniuni  foil  protective  window.  One 
other  feature  includes  a  cn roiisel  arr/ingemenl,  (i.u-e 
Fig.  9)  which  cn,n  support  3(J  flai,  couj)ons  (about 

*Designen  by  M r rTT^rTflTnlt ir^[^Ki'l4^7Tr 
Research  Af.s  i  sl  ants  at  UTIAU  , 
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Figure  8.  Thermal-vacuum  radiation  facility. 


Figure  9.  View  of  (l)  Xenon  U.V.-  lamp  centered 
in  quartz  tube  window,  (2)  rotating 
carousel  containing  composite  flat 
plate  specimens. 

2.5U  cms  in  width),  each  of  which  can  be  rotated 
into  a  gimbal  mounted  load  grip  having  4500  N 
capacity.  The  carousel  can  be  turned  externally, 
thus  permitting  test  data  to  be  obtained  for  vary¬ 
ing  radiation  exposures  on  individual  specimens. 

In  addition  to  GTE  measurements,  this  permits  the 
determination  of  modulus  and  strength  as  well. 
Uniaxial  loading  is  again  supplied  by  an  external 
hydraulic  piston  acting  through  flexible  bellows. 
Extensive  radiation  safety  equipment  has  yet  to  be 
assembled  but  it  is  anticipated  that  tests  should 
be  underway  shortly. 


3.  TEST  RESULTS 

As  stated  earlier,  in-situ  testing  of  polymer 
matrix  materials  is  regarded  as  necessary  to  en¬ 
sure  that  results  are  unaffected  by  such  factors  as 
contamination  and  re- absorption.  For  example,  it 
has  been  found  that  even  24  HRS  exposure  in  vaciium 
(  '  10"'®  torr)  at  elevated  temperature  (  '  250”  F) 
can  produce  significant  outgaSsing  for  thin  lam¬ 
inates.  Figures  10  and  11  illustrate  the  short 
and  long  term  %  mass  gain  of  a  4-ply  graphite/ 


epoxy  tube  (~  O.51  mm  thick)  when  re-exposed  to 
ambient  laboratory  conditions.  The  excess  in 
weight  above  its  initial  value  (prior  to  exposure) 
is  probably  due  to  moisture  diffusion  into  the 
composite,  occupying  molecular  sites  vacated  by 
other  lower  mass  number  polymer  molecules.  Be¬ 
cause  of  this,  measurements  of  GTE,  strength  and 
stiffness  were  made  in-situ,  as  described  in  the 
following  sections. 


Tim«  After  Removal  from  Vocuum  Chomber  (min) 


Figure  10. 


Variation  in  %  mass  gain  with  time 
after  removal  from  vacuum  (graphite/ 
epoxy,  SP  288-T300) 


Figure  11.  Long  term  change  in  %  mass  gain  for 
graphite /epoxy  after  remoVal  from 
vacuum. 

3.1  Goefficient  of  Thermal  Expansion  (GTE) 

All  thermal  response  data  were  obtained  using 
bonded  foil  strain  gauges  (type  SA-06-250-BB120 , 
Micro-Measurements,  USA)  after  extensive  calibra¬ 
tion  \inder  ambiem:  pressure  and  vacuum  conditions. 
The  apparent  response  of  a  strain  gauged  struc¬ 
ture  or  material  sample  undergoing  a  temperature 
change  (at)  (i.e.,  the  reading  one  obtains  from  a 
strain  indicator)  is  given  by 

eA  "  cM  -  Eg  (1) 

where  ^M'  and  'g*  refer  to  the  ’material'  and 
strain  'gauge',  respectively.  If  the  material 
and  gauge  strains  vary  linearly  over  the  tempera- 
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ture  range  of  Interest,  then  we  can  re-wrlte  Eq.  (X) 


am  =  + 

A  T 


ag 


(2) 


where  am  and  ag  denote  the  material  and  strain 

rrx’'"'”  «  “  - 

separate  metal  tubes;  steel  Flibo?  aaases  on 

tion  of  temperature.  This  vas  done  in”a  small 
travelling  microscope,  as  can  be  seen  in  Fig?  12*. 
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Figure  12. 


Travelling  microscope  calibration  of 
strain  gauge  on  metal  tube  in  oven. 


'I'lie  next  step  involved  calibrating  the  strain 
gauge-metal  tube  system  in  vacuum.  As  shown  in 

gassine’and  +h  “®  Shifted  due  to  out- 

mainS?  “  tM?  “sed  throughout  the  re- 

report  was  taken  as  '  6.55  x  lO'O 
(in/in/  F)  under  vacuum  conditions. 

Using  the  long  term  thermal-vacuum  facilitv 
thermal  strain  measurements  were  mad?  as  a'finctJ^n 
facuum  duration  and  number  of  thermal  cycles 
W£Ii_^lt.ially,  substantial  outgassing  occurred . 

was  carried  out  bv  Mr.  .t  a — fcT~Trr~-^ 


frii't  -  t^uDSLantiai  outgass 

work  was  carried  out  by  Mr.  J.  A 
Research  Asslsi.ani,  irriAf". 


Figure  llj.  '|•h.’rmal-vacumn  renpfinsc  of  strain 
r:<*iufFo 

with  the  major  .•omponnrit.  b.ving  wator  moialurr 
However.  J,,  loop  than  two  wooka,  st,.al  i  "LV 
vacuum  of  ■  |„-H  ,.orr  was  achieved  at  ^  75"/ 
increasing  to  to-f  torr  at  200-F.  Not,  that 
^ub™f  a  calibrated  sleel' 

...s.  ’tX**” 

measuring  system 

Figures  I5  16  and  17  present  the  CTE  data  ob- 
ained  on  li  ply,  ±  e  symmetric  balanced  laminates 
as  a  function  of  the  number  of  thermal  cycles  for 
varying  vacuum  exposure  times  The  throe  m  + 
lals  investigated  include  Keviar/eLT  !  h^^‘/ 

epoxy  and  horon/epoxy.  .  graphite/ 
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Figure  1,.  Kffect  of  thermal -vacuum  cycling  on 
thermal  response  of  Kevlar /^poxy  (3M 
nP306,  PRDi^9)  at  10-T  ^  jo-^  torr. 
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Figure  l6.  Effect  of  thermal-vacuum  cycling  on 
thermal  response  of  graphite /epoxy 
{3M  SP288  T300)  at  10~T  '•  10“^  torr. 


To  assess  test  data  consistency,  it  is  possible 
to  calculate  the  theoretical  variation  in  CTE 
with  fiber  angle  based  on  knowing  a^o) 

ap  (e  a  )  and  the  four  elastic  orthotropi6  con- 
stants,90‘’  Eu',  Egs,  G12,  vi2-  This  was  done 
for  ajntient  pressure  and  vacuum  conditions,  the 
latter  corresponding  to  16T  days  at  10“  10 

torr  after  31  thermal  cycles.  A  listing  of  the^ 
relevant  material  properties  used  in  the  analysis 
is  given  in  Table  3  for  both  Kevlar /epoxy  and 
graphite/epoxy.  Figures  l8  and  19  provide  com¬ 
parisons  of  the  experimental  results  with  pre¬ 
dictions  and  it  can  readily  be  seen  that  excel¬ 
lent  correlation  was  achieved.  Note  that  for  the 
graphite /epoxy  vacuum  tests,  only  one  set  of  data 
at  ±  (other  than  ai  and  an)  was  available  for 

comparative  purposes. 


Figure  l8.  Effect  of  thermal-vacuum  cycling  on 
the  CTE  for  Kevlar /epoxy  (symmetric 
balanced  i  9  laminates) 


Figure  IT.  gfreot  of  thermal- vacuum  cycling  on 
thermal  response  of  boron /epoxy  ( IM 
Sr:’90)  at  10-T  '  10-8  torr. 

It  is  quite  apparent  that  substantial  changes  occur 
in  CTE  due  to  the  combined  effects  of  vacuum  and 
thermal  cycling.  Since  the  development  and  accu¬ 
mulation  of  microcracks  together  with  bulk  mater 
lal  outgassing  probably  account  for  this  behaviour, 
it  is  reasonable  to  expect  that  the  'drift  in  CTEs 
should  level  off  with  time.  Clearly  knowpdge  o 
the  asymptotic  values  is  required  for  design  pur¬ 
poses.  Independent  measurements  on  a  ±  ai 
graphite/epoxy  tube  in  SSI  confirm  the 
tect  change  (see  Fig.  l6)  after  only  two  thecal 
cycles  for  It 8  HRS  at  '  10"^  torr.  Based  on  these 
results  it  is  possible  to  estimate  the  .mitiaJ 
change  in  CTE  due  to  prolonged  vacuum  exposure  _ 
2“e!  prior  to  thermal  cycling.  This  was  donc  for 
Kevlar/epoxy  and  graphite /epoxy  using  previou.’ 
ambient  CTE  meaBuromentn  for  reference  purpose'.. 

(see  Table  C).  It  Is  .-vUlent  once  again  th.-i  1 1  ge 
changes  occur  for  I'Oidi  mal.Grln.lB,  due  l.o  balK  '  iil- 
gans.tng 


Figure  19.  Effect  of  thermal-vacuum  cycling  on^ 
the  CTE  for  graphite /epoxy  (symmetric 
balanced  t  0  laminates) 


1C  other  l-Mctor  that  should  be  considered  in 
1PBC  cairii’dtlons  is  the  variation  in  orthotropi 
Inntic  r,,tir.i.fintn  wlUi  temperature  and  vatnium. 
.wevnr.  Mi.  prenerHi,  Ihe  nnthorn  bnve  only  been 
I,,,,  to  .Mfrumulato  graph n.(:/epoxy  lent  renu.lts  on 
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the  change  in  E22  with  temperature  at  10-6 
torr  up  to  -  21^4  HRS  (see  Fig.  20).  Nonetheless, 
using  the  values  in  Table  3  at  ~  200°F,  curves 
were  constructed  to  compare  with  the  room  tempera¬ 
ture  (75°F)  modulus  analysis,  as  shown  in  Fig.  19. 
From  a  design  viewpoint,  no  apparent  effect  occurs 
at  the  zero  CTE  crossing. 


Figure  20.  Effect  of  thermal-vacuum  environment 
on  tensile  modulus  of  graphite /epoxy 
modulus  ( 0  =  90^ ) 

3.2  Orthotropic  Stiffness  (Epp'^  and  Tensile  Strength 

(op  )  ■ 

u 

It  is  fairly  certain  that  for  most  fiber  reinforced- 
polymer  matrix  materials,  the  existence  of  any 
thermal -vacuum  effect  should  be  most  pronounced 
in  terms  of  the  matrix  response,  as  evidenced  by 
the  CTE  data  for  0  =90°.  Consequently,  test  con¬ 
figurations  were  selected  consisting  of  graphite/ 
6poxy  90°  layups  (i.e,,  circumferential  fiber  or¬ 
ientation)  pslng  thin-walled -tubes  {O.3O  mm  - 
mm  thick)  manufactured  Iri-house  with  a  bolt- 
wrapper  apparatus  (Ref.  1).  It  should  be  noted 
that  the  ^imbient  data  were  obtained  from  specimens 
stored  under  "normal"  laboratory  conditions,  with 
no  regard  for  moisture  content. 

Using  bonded  foil  strain  gauges,  the  variation  in 
E22  was  measured  at  ambient  and  vacuum  conditions 
for  varying  temperatures.  If  one  now  compares  the 
mean  results,  it  would  appear  that  an  increase  in 
stiffness  occurs  in  the  vacuum  state.  Because  of 
the  limited  test  data  for  T  >  200°F,  it  is  pre¬ 
mature  to  speculate  on  whether  the  large  differ¬ 
ences  in  E22  exist  or  not.  However, it  is  well  known 
that  moisture  content  within  the  epoxy  matrix  can 
result  in  drastic  strength  reductions  as  one  app¬ 
roaches  the  glass  transition  temperature  for  the 
resin  system.  Since  no  precautions  were  taken  with 
the  "ambient"  specimens  to  limit  or  reduce  their 
moisture  absorption,  there  may  well  be  a  signifi¬ 
cant  effect  in  terms  of  E22  as  indicated.  Confirm¬ 
ation  of  this  behaviour  must  await  tests  which  will 
be  performed  on  the  specimens  currently  being 
studied  in  the  long  term  facility  (Ur.2). 

Based  on  the  r»rovifmn  rfitiorialo  that  the  exintencf’ 
of  any  thermal -vacuum  effect  would  exhibit  t)io 
largest  change  in  the  matrix  (i.e.,  loading  normal 
to  the  fibers),  ultimate  tensile  strengths  (op  ) 
were  also  measured  for  the  same  graphlte/epoxy^ 
specimens.  Prom  a  design  viewpoint,  altho\ig)i  this 
parameter  is  the  "lowest"  of  the  strength  tensor 


components,  its  effect  on  the  ultimate  strength 
of  any  laminate  configuration  can  be  quite  severe 
depending  of  course  on  the  nature  of  the  loading 
(see  Ref.  2  for  example). 

A  comparison  between  ambient  pressure  and  vacuum 
strength  data  for  varying  temperatures  is  given 
in  Fig.  2l ,  where  the  results  have  been  nondimen— 
sionalized  by  the  ambient  pressure,  room  tempera¬ 
ture  strength  (Ggpip)-  Based  on  the  mean  value 


Figure  21,  Effect  of  thermal-vacuum  environment 
on  tensile  strength  of  graphite /epoxy 
laminates  (0  =  90°). 

comparison,  it  would  appear  that  an  increase  in 
the  matrix  strength  parameter  occurs  in  vacuum, 
although  substantial  scatter  in  the  test  data  is 
evident.  Despite  this  scatter,  three  anomalous 
failure  loads  were  obtained  in  the  vacuiun  environ¬ 
ment  that  fc-;ll  well  below  the  "scatter"  range. 

From  a  design  point  of  view,  the  rather  limited 
results  avail  able  indicate  a  P0%  probability  of 
the  occurrence  of  such  low  loads  within  a  grcnip 
of  test;  specimens  fabricated  at  the  same  time, 
from  the  some  material  batch  under  highly  con¬ 
trolled  conditions.  Since  this  anomalous  txdia- 
viour  has  never  been  observed  in  our  multitudin¬ 
ous  ambient  pressure  tests  conducted  over  the 
past  five  years  using  various  batches  of  mater¬ 
ials,  it  seems  that  some  random  "flaw"  character¬ 
istic  might  be  present  whose  effect  is  amplified 
under  vacuum  conditions.  However,  elucidation  of 
this  effect  should  be  forthcoming  based  on  the 
number  of  specimens  presently  residing  in  the 
long  term  thermal-vacuum  facility.  They  should 
provide  statistically  valid  data  when  strength 
tests  are  carried  out  in  the  near  future  for  the 
three  materials  of  interest. 

U.  CONCLUSIONS 

Substantial  CTE  test  data  for  three  polymer  matrix 
composite  materials  have  been  obtained  from  ther¬ 
mal  cycling  th^'m  in  hard  vaenum  (lO-T  "  l,n~B  torr) 
over  n.  time  pnrifid  exceeding  six  monihr,.  'Che  re¬ 
sults,  whleh  wer'e  dr: i-erm f'roKi  In-  r*. iCii  mr-asure- 
tiU'ril-s,  i  nd  i  »‘;i  i.f'd  Mial  .1  urge  ehangf’iJ  hn.t|  oeeur  rafl 

in  the  CTK':;  eomparc-d  to  ambient,  vn.liH'S  I’of  the 
spec  imon  con  l’ j  gurnl,.!  onn  inv(':,;t  i  g/ited  .  Furthermore  , 
t.henc  d  1  rr(M'enrt>};  enn  he  n.ecurnt^el  y  preij  I  for 

any  flbc?*  tir-i  entat  i  on  once  the  pririejpal  CTl: 
vaiticr.  aj  ,  arf.:  knriwn  for  tCie  giv<*n  cnvirorimon- 
bal  condition:;.  Suc'h  rcnull,s  p('rm1 1,  the  design 
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engineer  to  estimate  the  correct  zero  CTE  config¬ 
uration  for  long  term  spacecraft  structural  appli¬ 
cations  based  on  a  minimal  number  of  tests. 

Although  only  preliminary  short-term  data  have 
been  obtained  on  the  stiffness  (E22)  and  tensile 
strength  {02J  for  one  material  system  (graphite/ 
epoxy)  in  a  thermal- vacuum  environment,  consider¬ 
ably  more  statistically  significant  data  will  be 
soon  obtained  from  specimens  which  have  currently 
accumulated  over  six  months  exposure  in  our  long 
term  space  simulator.  Indications  are  at  present 
that  both  parameters  increase  in  magnitude  over 
their  ambient  values  for  a  given  temperature.  How¬ 
ever,  some  anomalous  low  failure  loads  were  found 
that  must  await  further  confirmation. 
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Table  1 


Specimen  Configurations  Subjected  to  Long  Term  Thermal- Vacuum  Cycling 

Fiber  Graphite /Epoxy  Kevlar/Epoxy  Boron/Epoxy 

Orientation  Ho.  Spec.  No.  Spec_. - No.  Spec_^ 

(deg)  T  F  Fc  T  F-  F^  T  F  F^ 


[olus 

[±30]2s 

[±h3^2S 

[±^3^]2S 

[±^5]2S 

[±6o]2S 

[90]l,s 

[60,-60,0] 


2S 


5 

5 

5 

5 


5  5  5 

6 

5 

5  5 

6 

5655 

5  5  5 


5  5 

5  5 

5  5 

5  5 


NOTE:  T  -  tube,  10.2  cm  long  x  om  dia. 

F,F  =  flat  coupon,  uncracked  and  cracked,  respectively 
^  12. T  cm  long  x  5.08  cm  wide 

Thickness:  h  ply  =  0.508  mm  and  6  ply  »  O.To2  mm 


Table  2 


Estimated  Initial  Change  in  CTE  Due  to  Vacuum 
Outgassing  Prior  to  Thermal-Cycling 


Fiber 

Orientation 

n 


Material  ^  (in/in/°F)lQ _ 

Kevlar /Fpoxy  Graphite/ Epoxy 

(3M  SP  306)  (3M  SP  288  T300) 

Ambient  Vacuiom  Ambient  Vacuum 


0 

-l.T 

-3.5 

-0.2 

'•O 

±  30 

-T 

-10.5 

-2.5 

“ 

±143 

- 

- 

2.3 

^0 

±  U3h 

0 

-2.5 

- 

— 

±  60 

23.3 

37.5 

9.8 

90 

32 

55.5 

15.8 

31.5 

NOTeI  All  specimens  were  4  pllcn  thick  Co . 508  mm 
thick),  ±0  symmetric  balanced  Ifuniriates 
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Table  3 


Material 

(state) 

Material  Properties 

Used  to  Calculate 

Variation 

of  CTE  With  0 

“l  6 

(in/in/°F10  ” 

“2  g 

(in/in/°F)lO"‘’ 

g 

(psi )10° 

[N/M2]1010 

®22  g  °12 

(psi)lO  (psi)lO 

[N/M^llOlO  [N/M^llOlO 

^12 

Kevlar /Epoxy 
Ambient 
e  R/T 

-l.T 

32.0 

12.6 
(  8.69] 

0.6 

[0.55] 

0.3 

[0.21] 

0.34 

Vacuum 
@  R/T 

-7.0 

6l.O 

- 

- 

- 

- 

Graphite /Epoxy 
Ambient 
e  R/T 

-0.2 

15.8 

20.5 
[111. 14] 

1,1* 

[0.97] 

0.59 

[0.1*1] 

0.26 

Ambient  § 
200®F{93°C) 

-0.2 

15.8 

- 

1.1 

[0.76] 

- 

Vacuum 
e  R/T 

32.5 

- 

1,6 

[1.10] 

- 

- 

Vacuum  @ 
200°F(93°C) 

-1.'; 

32.5 

- 

1.175 

[0.8i] 

- 

- 

R/T  =  Room  Temperature  I®  75°^ 


preceding  p^ge  BL'ANK  not  filmed 
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EFFECT  OF  SPACE  CHARGED  PARTICLE  ENVIRONMENT  ON  OPTICAL  COMPONENTS  AND 

MATERIALS 

J  Boiirricau  &  M  Romero 

Cenire  d' Etudes  et  de  Recherches  en  Technologie  Spaliale,  Toulouse,  France 


In  order  to  improve  the  laboratory  tests  vali- 
dity  our  main  objective  is  the  development  of 
radiation  damages  models. 

These  models  are  based  on  the  dose  repartition 
profile;  in  spac&,  as  well  as  in  laboratory  tests, 
the  radiations  impinging  the  samples  have  a  limi-’ 
ted  range  (trajectory  length)  and  stopping  power 
of  materials  are  function  of  the  particle  energy. 
Consequently  when  the  thickness  of  the  active  part 
(i.e.  the  part  where  defects  creation  induces 
damages)  or  when  the  shielding  in  front  of  it  is 
not  a  negligible  fraction  of  the  particle  mean 
penetration  depth,  the  dose  and  damage  distribu¬ 
tions  cannot  be  considered  as  constant  in  the 
bulk  material . 


ABSTRACT 


After  a  brief  review  of  permanent  and  transient 
effects  induced  by  charged  particles  on  optical 
materials  we  describe  models  of  material  swelling 
and  transmission  losses,  tests  performed  in  these 
fields  for  METEOSAT  and  SPOT,  and  results  concer¬ 
ning  the  background  noise  induced  in  one  D2^i 
experiment. 


Swelling  IS  characterized  by  the  linear  contrac¬ 
tion  coefficient,  it  has  been  found  that  its 
variations  with  the  absorbed  dose  is  not  function 
of  exposure  conditions  for  vitreous-ceramics;  for 
silicas  dose  rate  influence  has  been  observed. 

Transmission  losses  described  by  the  variations 
of  the  absorption  coefficient  versus  dose,  have 
been  studied  for  some  silica  and  glasses;  as 
for  swelling  the  exposure  conditions  have  been 
found  weightless  for  some  materials. 

Keywords:  Radiation  damages  -  optical  materials  - 
models  -  swelling  -  transmission  losses  -  back¬ 
ground  noise. 


L  INTR0DUCTI0^J 

Glasses  and  other  transparent  materials  a^e  often 
directly  exposed  to  space  radiation  environment 
(front  lenses  of  optical  systems,  solar  cell  fil¬ 
ters,  SSM,  as  examples).  Interactions  with  UV  and 
charged  particles  induce  various  kinds  of  effects: 


permanent  or  transient  damages, 
light  emission  (giving  spurious  background 
in  optical  measurements) 
electrical  charging  and  breakdown  (often 
involving  disturbances  or  failures  into 
electronic  .circuits  and  surface  damages  of 
coatings). 

Furthermore  exposed  optical  components  generally 
are  cold  zones  collecting  outgassing  products  and 
radiations  can  affect  the  rate  of  formation  and 
the  optical  absorption  Of  the  polluting. 

Various  s Ladies,  mainly  sponsored  by  CNKS  and  RSA 
are  performed  at  DERTS  in  the  field  of  radiation 
effects  (damages  and  charging)  on  materials  and 
components  used  in  space  applications. 


In  the  case  of  raonocinetic  particles  impinging  a 
sample  under  one  incidence  we  can  approximate 
these  distributions  by  the  following  method: 
when  all  the  material  can  be  damaged,  we  consider 
the  bulk  material  as  divided  into  two  sheets 
after  irradiation: 

”  the  first  is  made  of  damaged  material,  its 
thickness  is  the  mean  penetration  depth  of  parti¬ 
cles,  in  this  part  dose  and  damages  are  supposed 
constant  and  equal  to  the  mean  values  ; 

the  second  is  made  of  undamaged  material. 

One  of  our  objectives  in  these  models  is  to 
choose  a  parameter  physically  linked  to  the  radia¬ 
tion  damage  process  (i.e.  directly  related  to 
the  defect  concentration)  and  to  follow  its  varia¬ 
tions  with  the  absorbed  dose. 

The  choice  of  the  dose  as  main  parameter  descri¬ 
bing  the  exposure  is  made  in  order  to  eliminate 
the  apparent  influences  of  the  nature  of  particles 
and  of  their  energetic  and  angular  distributions. 

The  general  rules  above  exposed  are  used  at  DERTS 
in  order  to  model ise  damages  of  thermal  control 
coatings  (Rof.  1,2,  3)  of  MOS  electronic  devi¬ 
ces  (Ref  .  nnd  of  optical  materials . 

The  Ucter  arc  the  object  of  the  following  part. 


Procecdimi^  of  an  ESA  Symposinni  on  Spaccentft  Materials,  held  at  ESTEC.  2-5  October  1979  ESA  SP-\45  {December  1979). 
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0  9  MafpriAl  swellinR  under  irradiation 

CHARRED  PARTICLES  EFFECTS  ON  OPTICAL  MATERIALS 


2.1  Damage  review 

Permanent  or  cumulative  damages  of. optical  compo¬ 
nents  can  be  classified  into  two  categories;  sur¬ 
face  damages  and  bulk  material  effects. 

Surface  damages  occur  on  directly  exposed  compo¬ 
nents  (solar  cell  filters,  thermal  control  coa¬ 
tings,  reflecting  layer  of  mirrors,  etc . . . . ) .  Thty 
are  mainly  induced  by  UV  and  low  energy  !^to“^ays 
and  protons*  doses  are  often  in  the  10  10  gray 

range  into  the  first  micron  of  an  exposed  material. 
These  damages  can  be  the  following: 

-  optical  absorption  (discrete  or  (:ontinuous) , 
brittleness  increase  and  sputtering  of  depo¬ 
sited  layers, 

-  pulverisation  during  electrical  breakdown, 

-  darkening  and  polymerisation  of  contaminant 
layers . 

Bulk  material  damages  are  mainly  induced  by  largo 
range  charged  particles,  consequently  they  can 
occur  in  shielded  or  unshielded  components.  These 
bulk  effects  are  the  following: 

-  transmission  losses  (they  can  be  continuous 
or  located  in  narrow  absorption  bands  connec¬ 
ted  with  color  centers) ; 

-  swelling  and  strain  linked  to  density  varia¬ 
tions  in  the  exposed  sheet  of  the  material, 

-  index  variations  and  shattering  unusual  in 
space  application  because  the  required  dose 
levels  are  over  the  range  of  space  induced 
doses. 

Damage  decreases  are  often  observed  after  irradia¬ 
tion;  they  are  either  true  recoveries  (rearrage- 
ment  between  induced  complementary  defects 
vacancies  and  interaticials  for  examp  e)  or  app.r 
rent  bleaching  (linked  to  defect  binding, in  this 
caae  the  primary  absorption  band  disappe.ars  for 
the  benefit  of  an  other).  The  recovery  time  cons¬ 
tant  is  generally  a  function  of  the  material  nature 
(impurities  content),  of  the  sample  temperature 
(defect  mobilities),  of  the  nature  and  concentra 
tion  of  defects. 

Transient  effects,  connected  with  flux  (dose  or 
fluence  rate),  are  the  following: 

-  transmission  losses  induced  by  free  carriers 
and  moving  defects  (i.e.  having  a  short  reco¬ 
very  time  constant) , 

-  light  emission  (fluorescence,  luminescence 
or  Cerenkov  effects). 

This  kind  of  damages  linked  to  high  fluence  rate  is 
mainly  relevant  to  n>ilit«y  applications.  Yei 
background  noise  constrainting  for  low 

intensitylroeasurements  can  be  observed  (see  for 

example  the  following  part  concerning  the  D2B 
experiments). 


These  studies  have  been  performed  m^nly  for  the 
primary  and  folding  mirrors  of  the  METEOSAT 
radiometer  (CNES  and  ESA  contracts). 

2.2.1  Swelling  model 

One  aspect  of  radiation  damages  of  glasses  is  the 
swelling  under  irradiation  (Ref.  5,  6) .  The  hete¬ 
rogeneity  of  dose  repartition  can  explain  the 
phLomenon  if  radiation  effect  is  a  density  change 
in  the  irradiated  part. 

Swelling  model  of  circular  samples  have  been 
made  (Ref.  7)  with  this  hypothesis.  We  could ^ 
define  a  mean  linear  expansion  -  or  contraction 
coefficient  as  follows: 


a^  =  k. 


Ce' 


x^(e-x^)R* 


(measured  by  tha  Newton 
C  •*  rifle  i’l  camber  methods) 

G  «  total  sample  thicknefls, 

R  «  radius  of  the  sample, 

X  =  damaged  depth  (computed  as  ^  the  mean  pene- 
^  tration  depth  or  measured  if  coloration 
occurs) 

k  ^  parameter  linked  to  the  dose  distribution 
form  (values  between  0.83  and  1.03) 


2,2.2  Results 

Studies  have  been  carried  out  on  the  following 
materials 


CERVIX  (OWENS) 
ZERODUR  (SCHOTT) 
PVREX 
PURSIL 
PUROPSIL  (A) 
TETRASIL  (A) 
TETRASIL  (SE) 


I  VITREOUS  CERAMICS 


SILICA  (ELECTRO 
QUARTZ)  (Ref.  8) 


The  relation  between  linear  expansion  (or  con¬ 
traction)  and  mean  D  is  always  (see  Fig.  1). 


^?.i 


where  a-  is  a  characteristic  constant  of  the 
materials.  Vitreous  ceramics  (Cervit  and  Zerodur) 
are  more  susceptible  (two  magnitude  orders  on 
than  silica  ;  this  can  be  compared  to  results 
obtained  with  HERASIL  3  (HERAEUS)  and  PURASIL 
(QUARTZ  ET  SILICE) ;  on  these  silica,  swelling 
is  not  observed  under  irradiation  (Ref.  9). 

For  PYRE X  as  silica  (except  TETRASIL  A)  tests 
have  been  performed  with  monocinetic  electrons 
and  only  one  fluence  rate,  the  weight  of  these 
parameters  is  not  defined. 

For  TETRASIL  A  fluence  rate  (or  dose  rate)  and 
elactroniz  energy  variations  were  performed, 


p' 
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The  weight  of  these  parameters  are  indicated  in 
the  following  table: 


DOSE  RATE 

(Gy/s) 

ENERGY 

(MeV) 

a. 

I 

(Gy"') 

2.6  10* 

1.5 

6.5  10-* 

2.8  10* 

1  .0 

4  10"’ 

2.3  10* 

0.3 

4  10-’ 

2.6  10* 

1.5 

2,1  10-® 

Lower  dose  rate  and  electron  energies  induce 
weaker  shrinkage. 


Thorough  studies  have  been  carried  out  on  Cervit 
and  Zerodur  (Ref.  9)  for  the  METEOSAT  project, 
the  conclusion  is  that  particles  energy  and  nature, 
as  fluence  rate,  are  weightless  parameters. 


2*2.3  Space  qualification  of  METEOSAT  mirrors 

Radiation  effects  were  expected  on  two  exposed 
mirrors  of  the  radiometer  of  METEOSAT  (the  primary 
mirror  made  of  Cervit  and  the  first  folding  mirror 
made  of  Zerodur) . 

Tests,  sponsored  by  CNES  and  ESA,  have  been  car¬ 
ried  out  for  these  two  components. 

The  above  conclusion  concerning  the  vitreous 
ceramics  (Zerodur  and  Cervit)  involves  that 
ground  simulation  of  the  in  flight  swelling  of 
these  materials  can  be  made  without  problem;  the 
exposure  conditions  can  be  defined  easily  in  or¬ 
der  to  reproduce  the  dose  profile  estimated  for 
the  duration  of  the  mission. 


Codes  available  at  DERTS  (Ref.  20,  II,  12)  have 
been  used  in  order  to: 


In  the  case  of  the  primary  mirror  lightened 
structure  (equivalent  to  a  400  iron  diameter  and 
80  ram  thickness  disc)  made  of  Cervit,  aggregate 
swelling  was,  a  priori,  non  measurable  and  buck¬ 
ling  was  not  observed  at  the  lightened  places . 


2.2,4  Thermal  recoveries 

Swelling  recoveries  can  occur,  as  for  other 
radiation  induced  damages;  the  ruling  parameter 
of  this  effect  is  the  defect  mobility  or  -  direct¬ 
ly  related  with  it  -  the  temperature. 

Recoveries  have  been  studied  on  Cervit  (see  Fig.  3) 
and  Zerodur;  they  are  not  obtained  at  room  tempe¬ 
rature,  but  partially  observed  at  170®C,  and 
rapidly  and  totally  carried  out  at  450®C. 

It  can  be  noted  that,  for  all  Materials  studied, 
swelling  is  or*  a  part  with  transmission  losses 
and  the  recoveries  of  these  (two  kinds  of  damages 
are  also  connected. 


2 . 3  Transmission  losses 
2.3.1  Model 

As  for  SSM  and  OSR  damage  studies  (Ref.  1,  2,  3) 
the  model  rules  are  the  following: 

“  irradiation  is  not  uniform  in  the  bulk  mate¬ 
rial,  consequently  induced  transmission  los¬ 
ses  occur  in  the  irradiated  sheet  (its  thick¬ 
ness  is  Xj)  ; 

the  dose  profile  can  be  approximated_by  the 
mean  dose,  D,  in  the  damaged  sheet  (^  is 
computed) ; 

-  transmission  losses  at  wavelength  X.  can  be 
characterized  by  the  absorption  coefficient 
variation  Ay(X^)  around  the  band  maximum, 
AyCX^)  is  directly  connected  with  the  den¬ 
sity  of  defects  responsible  of  the  absorp¬ 
tion  band. 

These  variations  can  be  obtained  from  spec¬ 
tral  transmittance  measurements,  before 
and  after,  exposure 


-  compute  proton  and  electron  fluences  in 
flight  (NASA  models  used  are  AE  4  and  AE  6 
for  electrons  and  AP  8  for  protons); 

define  the  dose  profile  corresponding  to 
three  years  in  space  at  the  mirrors  levels 
(after  various  shieldings  -  baffles  -  struc¬ 
tures)  ;  it  could  be  noted  that  introduc- 
^  tion  of  the  up-to-date  AEi  7  model  for  elec¬ 
trons  gives  higher  dose  at  depth  greater 
than  1  g.cm”^  (Ref.  13); 

-  compute  the  dose  profiles  induced  by  various 
moit  i.netic  electron  beams  (for  the  determi¬ 
nation  of  the  simulation  parameters) . 

Tests  have  been  performed  with  three  electron 
energies  (see  Fig.  2).  Swelling  was  obtained 
on  the  folding  mirror  made  of  Zerodur  (Camber 
3  Um)  . 


Ay(X.) 


I 


Log 


T 

o 


(X.) 

(V 


where  can  be  sometimes  measured  (colora¬ 
tion  depth)  or,  in  all  case,  computed  with 
codes  giving  the  penetration,  diffusion  and 
slowing  down  of  protons  and  electrons. 


2,3.2  Hesu i ts 

Various  transparent  materials  have  been  studied 
under  electronic  irradiations  at  room  temperature; 
they  are  the  following: 


KF 1 ,  LFl,  LLFI  and  FK5  glasses  (SCHOTT), 

TETRASIL  (A),  TETRASIL  (SE),  PUROPSIL  (A) 
and  PURSIL  (K)  (ELECTRO  QUARTZ)  silica 
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2.3.2.  1  Silica  transmission  losses 

The  transmission  losses  of  silica  are  observed 
during  swelling  studies  described  above;  electronic 
irradiations  induce  in  these  materials  various 
absorption  bands  (see  Fig.  4  tp  7): 

j  -  215  and  270  nm  in  TETRASIL  (A)  and  (SE) , 

-  215,  295  and  525  nm  in  PUROPSIL  (A)  and 
PURSIL  (K). 

Three  of  these  can  be  identified  with  known  absorp¬ 
tion  bands: 

215  nm:  C  band  probably  connected  with  0”^ 
vacancies  (Ref,  14) 

-  295  nm:  B  band  linked  to  unidentified 
impurity  (Ref,  15) 

525  nm:  A  band  probably  related  to  aluminum 
impurity  (Ref.  16). 

Dose  rate  and  electron  energy  effects  on  transmis¬ 
sion  losses  at  215  nm  are  studied  on  TETRASIL  (A), 
(see  Fig.  8) : 

-  in  spite  of  a  large  dispersion  it  seems  that 
the  absorption  coefficient  variations  are  not 
relevant  to  these  parameters ; 

•  -  Ap  (215)  is  a  linear  function  of  the  mean 
dose  between  10®  and  10^  Grays; 

-  the  270  nm  band  behaviour  is  probably  simi¬ 
lar  for  the  higher  doses. 

Partial  tests  are  carried  out  on  two  samples  of 
each  of  other  silica;  the  Figure  9  gives  Aij(215) 
versus  dose  for  TETRASIL  (SE) : 

-  proportionality  between  dose  and  Ap(215)  is 
possible  under  10^*  Grays; 

-  it  can  be  noted  that  for  space  applications 
(doses  generally  lower  than  4  10®  Grays) 
TETRASIL  (A)  is  better  than  TETRASIL  (SE) . 

Concerning  the  two  other  silica^  PURSIL  (K)  and 
PUROPSIL  (A),  their  susceptibilities  are  so  high 
that  we  could  not  follow  the  growth  of  the  absorp¬ 
tion  at  215  nm;  some  results  concerning  the  295 
and  525  nm  bands  are  given  (see  Fig.  10). 


2. 3. 2. 2  Glasses  transmission  losses 

Several  SCHOTT  glasses  (FK5,  KFl,  LFl  and  LLFl) 
samples  have  been  exposed  to  electron  beams;  two 
absorption  bands  are  obtained  around  350  and 
700  nm  (see  Fig.  11  to  14). 

Various  electronic  exposure  conditions  have  been 
used  in  order  to  ob'serve  the  influence  of  energy 
and  fluence  rate: 

-  energy  1.2  MeV,  fluence  rates:  2  10^®,  8 

and  510^'  e.cm“*s"' 

-  fluence  rate  8  10^®  e.cm***.  s“\  energies 
0,3,  0.8,  1.2  MeV. 

Various  difficulties  have  been  encountered: 

^  the  first  step  of  irradiation  was  sufficient, 
to  saturate  the  absorption  band  around  350  nm. 


we  could  not  follow  its  growth  with  the 
dose  increase; 

insufficient  polish  of  sample  surfaces 
induces  discrepancy  on  transmission  measure¬ 
ments  ; 

tests  made  at  0.3  MeV  are  not  valid  either 
because  instabilities  of  the  accelerator 
beam  at  low  energy  or  because  the  influence 
of  the  sample  surface  heterogeneity. 

In  practice  for  all  these  glasses  results  have 
been  obtained  only  on  the  absorption  around  700  nm 
(see  Fig.  15  to  18) : 

-  the  absorption  coefficient  grows  as  dV  ^ 
except  for  LFl  glass, 

-  a  weak  influence  of  dose  rate  seems  to  be 
observed  at  the  lowet  dose  rate  (8  Grays 
per  second),  except  for  FK  5  glass, 

the  electronic  energy  weight  is  not  evidenced 
between  0.8  and  1.2  MeV  but  the,  variation 
range  of  this  parameter  is  insufficient  in 
order  to  observe  a  possible  effect. 

2. 3. 2. 3  Space  qualification  tests  (SPOT  mission) 
of  SCHOTT  glasses 

Pure  technologic  study,  sponsored  by  ONES  fpr 
SPOT  project,  has  been  made  at  DERTS  in  order  to 
qualify  SCHOTT  glasses  (FK  51,  FK  52  and  K2FS  6) 
to  be  used  for  the  initial  dioptric  version  of 
the  HRV  instrument.  All  samples  had  an  anti¬ 
reflexion  coating  (MATRA  manufacturer)  (Ref.  17). 

Charged  particles  fluences  (electrons  and  protons) 
and  dose  induced  distributions  have  been  computed 
for  circular  orbit  (altitude  800  km,  inclination 
98® 7)  (Ref.  10)  from  the  following  NASA  data: 

-  AP  8  for  protons , 

-  AE  4  and  AE  6  for  electrons. 

It  can  be  noted  that  NASA  data  change  (AEi  7 
model  for  elec trons) induces  an  increase  of  dose 
for  penetration  depth  greater  than  0.5  g.cm“^ 

Three  accelerating  voltages  (0.8,  1.3  and  1.6  MV) 
have  been  used  in  order  to  reproduce  (see  Fig.  19) 
the  expected  dose  profile.  Six  irradiation  steps 
at  fluence  rate  10^  e.  cm**^.s"*^  have  been  made 
in  order  to  obtain  the  damage  growth  in  a  direct 
exposure  configuration  during  a  six  years  mission. 

Transmission  measurements  between  300  and  2500nm 
have  been  carried  out  before  and  after  each 
irradiation  step. 

The  damages  are  located  at  wavelength  lower  than 
900  nm  (see  Fig.  20  to  22). 

For  all  these  components  recoveries  occur  at  room 
temperature  (see  Fig.  23),  after  a  fast  initial 
step,  observed  in  samples  with  high  defect  concen¬ 
trations  (6  years  mission  simulation)  the  trans¬ 
mission  recovery  rate  is  about  2.5  10‘“'^/hour. 

These  recoveries  indicate  that  transmission  losses 
obtained  wi  th  high  fluenv-'e  rate  (10®.  8.  ^ 

are  probn!>iy  over  estimated. 
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The  tests  have  been  carried  out  in  the  direct 
exposure  configuration;  in  practice  an  Invar 
structure  has  been  planned;  its  thickness  has 
been  fixed  to  I  mm  in  order  to  protect  the  len¬ 
ses;  the  front  lens,  unshielded  by  the  Invar 
structure  could  be  guarded  against  radiation 
by  a  silica  window. 

This  study  was  made  during  the  feasability  phase 
of  the  HRV  instrument,  the  dioptric  version  is 
out  of  date  and  some  tests  are  planned  at  DERTS 
on  the  components  of  the  new  catadioptric  solu¬ 
tion. 


2.4  Example  of  transient  effects 

Other  source  of  failure  on  optical  experiments 
in  space  is  the  transient  background  noise  indu¬ 
ced  by  high  fluence  rate,  particularly  for  low 
photon  intensity  measurements.  It  is  the  case  for 
the  I)2B  Zodiacal  light  experiment,  where  a 
photomultiplier  54IN  (EMR)  associated  with  an 
UV  converter  has  been  use  as  detector. 

Very  often  the  orbit  (500  -  700  km  -  inclina¬ 
tion  37**)  crossed  the  South  Atlantic  anomaly 
where  high  electron  fluxes  are  encountered  and 
spurious  backgrounds  are  observed. 

DERTS  has  carried  out  study,  sponsored  by  CNES, 
in  this  field  before  the  mission  (Ref.  18-19). 

Fluence  rate  variations  with  time  are  computed 
along  the  trajectory,  during  one  day  (see  Fig. 
24);  for  some  orbits,  during  few  minutes,  elec¬ 
tron  fluence  rate  over  10®  e.cm**.s~'  are  fore¬ 
cast  with  energy  grater  than  0.5  MeV. 

The  energy  distribution  after  shielding  has 
been  computed  at  the  PM  level  for  the  maximum 
indicated  (A)  on  the  Figure  24.  The  energy 
spectra  is  close  to  that  of  Sr®®  beta  ray  source, 
chosen  for  simulation.  Tests  have  been  performed 
with  a  34  roc  source  at  a  fluence  rate  equal  to 
2  10®  e”. cm*"*.s  ^  in  front  of  the  detector  or 
on  one  side. 

Evidence  of  background  noise  source  into  the 
MgFa  window  or  into  the  photocathod  of  the 
photomultiplier  (without  the  UV  converter)  has 
been  obtained. 

In  front  exposure  has  been  made,  the  variations 
of  counting  rate  versus  aluminum  shielding  thic- 
ness  with  and  without  the  UV  converter  (see 
Fig.  25)  have  proved  that  this  component  acts 
for  one  part  as  a  shielding  for  the  background 
noise  induced  at  the  first  stage  of  the  PM,  for 
other  part  as  a  photon  source  (luminescence) 
under  electronic  bombardment. 

Induced  background,  without  aluminum  shielding 
under  the  Sr^®  beta  ray  source  exposure,  has 
given  an  estimation  of  the  detection  system 
susceptibility  to  electron  bombardment.  For  the 
maximum  fluence  rate  indicated  (A)  on  Fig.  24 
the  expected  background  noise  was  900  pulses 
per  second. 

In  flight  measurements  gave  values  between  300 
and  9000  pulses  per  second  (mean  value  2700  pul¬ 
ses  per  second)  for  13  South-Atlantic  anomaly 
crossings  at  various  altitudes  during  one  week 


CONCUJSION 

With  the  results  mentioned  above,  we  have  seen 
that  the  main  parameter  describing  most  of  the 
exposure  conditions  (fluence,  nature  of  particles, 
energy  and  angular  distributions)  is  the  induced 
dose  repartition,  but  other  characteristic  of 
irradiation  are  not  included  in  this  parameter 
such  as  temperature  and  fluence  rate;  consequently 
the  models  cannot  resolve  all  possible  problems. 
Synergetic  effects,  fluence  (or  dose)  rate  and 
temperature  influences,  defect  creation  with  ener¬ 
gy  threshold,  recoveries  are  all  difficulties  to 
be  still  resolved.  They  can  be  coped  with  only 
through  the  knowledge  of  the  true  physical  proces¬ 
ses  (nature  and  mobility  of  defects,  interactions 
with  impurities,  etc.) 

The  models,  in  numerous  favourable  cases,  can 
reduce  the  cost  of  qualification  tests,  the  simula¬ 
tion  of  the  dose  profile  is  easier  than  reproduc¬ 
tion  of  all  energetic  and  angular  distributions 
for  each  kind  of  particles.  They  can  simplify  the 
comparison  of  results  obtained  by  laboratories 
working  with  various  exposure  conditions  and, 
consequently,  increase  the  amount  of  consistent 
informations  concerning  material  behaviour  under 
irradiation. 

They  require  some  theoretical  means  such  as 
computer  codes  in  order  to  forecast  the  charged 
particle  environment  in  all  kind  of  orbits  and 
the  dose  distribution  in  the  bulk  materials  expo¬ 
sed  to  these  radiations  or  to  accelerator  beams. 
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USE  OF  ULTRA-LIGHT  ADHESIVE  FOR  THE  METAL  HONEYCOMB 


BONDING 


J  Chanteriinnc 

Aerospatwie,  Space  &  Ballistic  Systems  Division,  Les  Mureaux,  l^rance 

Abstr^act 

The  design  of  satellite  panels  in  sandwich  structure*?  hac  fn  ha 

t®  the  mess!  SJ  ?U™?nT?he  slrenq^h 

low  surface  mass  (100  g/m2), "which  “^unusual  fo^"^Jhe  blndi™ 
i"  ‘he  serial  production,  in  orSer  to  ge?  n® 
advi<ahllV^^,i°r  such  a  particular  technology  it  is 

se«n?Je  ope“rpa:ilSs'"''"  the  most 

Uruct™s"™i?h°le™ive"*??rIr“Red"ux‘1iru7J"'^ 

influence  of  the  hygrome7ry'Jr?he  boSdJnf rool.  ’anrof  t  e“us  " 
o^eSr [he°"ho‘  ly?X‘''"  and  strength  of  the'adhesive‘l"ni:^i 


1.  INTRODUCTION 

The  structure  panels  of  the  satellites 
Intelsat  V  are  characterized  by  : 

-  a  low  mass, 

-  great  dimensions  (2m  x  2m), 

-  a  correct  and  reproducible  flatness, 

-  a  quality  assurance  of  high  level. 

It 

The  quality  of  the  bonded  joints  between 
the  honeycomb  core  and  the  coating  is 
^tested  for  each  panel  with  flatwise 
tensile  specimens  bleeded  off  the 
openings. 


The  results  we  are  reporting  here  come 
from  the  analysis  of  defects  established 
during  the  development  and  manufacture 
of  the  first  serial  models  and  from  the 
interpretation  which  could  be  given 
thanks  to  the  excellent  traceability  of 
this  product  on  a  great  quantity  of 
parameters,  which  can  interfere  in  the 
result  during  the  manufacture. 


Proceedings  of  an  ESA  Symposium  on  Spacecraft  Materials,  held 
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2.  OPTIMIZATION  OF  THE  ADHESIVE 
QUANTITY  ACCORDING  TO  THE 
DIMENSIONS  OF  THE  HONEYCOMB  MESH 

As  the  art  and  thickness  of  the  liner 
(20|um)  forming  the  honeycomb  do  not 
change,  it  would  be  false  to  think  that 
the  necessary  mass  of  adhesive  is 
independent  of  the  mesh  dimensions. 

As  a  matter  of  fact,  we  have  establ¬ 
ished  a  reduction  in  the  height  of  the 
adhesive  menisci,  when  the  dimensions 
of  the  mesh  are  reduced  (fig.  !)• 

This  phenomenon,  which  is  explained  by 
the  progressive  reduction  of  the 
adhesive  reserve  [available  inside  the 
cell  will  be  all  the  more  important  as 
the  mass  of  the  used  adhesive  is  smaller. 


Fig.  1  -  Menisci  height  of  adhesive 

"REDUX  312  ULandLl'  according 

to  the  dimension  of  the 
hnnevcomb  mesh. 


The  analysis  of  this  phenomenon  allowed 
us  to  understand  why  with  an  equal  mass 
of  adhesive  the  menisci  strength  was  less 
on  the  honeycomb  mesh  of  3mm  than  on  the 
honeycomb  mesh  of  4  and  6mm  and  has  there¬ 
fore  led  us  to  use  a  film  of  100g/m2  for 
the  honeycomb  of  4  and  6mm  and  use  a  film 
of  150g/m2  for  the  honeycomb  of  3mm. 

3.  CHOICE  OF  THE  HYGROMETRY  IN 
THE  ADHESIVE  BONDING  ROOM 

The  use  of  an  adhesive  of  very  low  surface 
mass  shows  also  the  sensitivity  of  the 
polymer  to  the  water  quantity  it  contains 
at  the  curing  time.  This  quantity  of 
water  has  neither  to  be  too  great  (case 
of  adhesive  bonding  in  hygrometric  envir¬ 
onment  more  than  70%,  nor  too  dry  (case 
of  adhesive  bonding  in  environment  with  a 
degree  of  hygrometry  less  than  30%).  It 
seems  otherwise  that  the  humidity  rate  of 
the  adhesive  film  depends  on  the  hygro¬ 
metry  of  the  environment,  but  also  on  of 
the  time  spent  in  this  environment  and 
that  this  phenomenon  is  reversible. 

When  the  adhesive  film  stays  some  hours 
in  a  relative  hygrometric  environment 
lower  than  30%,  we  have  stated  a  reduction 
of  10  to  20%  of  the  resin  shear  strength 
and  a  reduction  of  15  to  25%  of  the 
adhesive  menisci  height,  and  therefore  an 
important  strength  reduction  of  the 
bonded  joints  of  about  25  to  45%.: 

These  values  are  founded  on  a  great  deal 
of  specimens  observed  and  statistically 
processed  (fig.  7). 


)ltra-licjMt  adhhsivk  kor  metal  honey( omb  bonding 


The  maximal  characteristics  have  been 
obtained  with  Redux  312  for  hygro- 
metric  rates  of  the  adhesive  bonding 
‘  rooms  comprised  between  40  and  60%. 


24  h.  to  30%  H.R.  24  h.  to  50%  H.R. 
Without  primer 

Fig.  2  -  Development  of  the  adhesive 
meniscus  geometry  according 
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adhesive  menisci,  when  the  primer 

"Redux  112"  is  applied  on  the  honeycomb 
liner. 

The  macrographic  cross-sections  show 
well  enough  the  height  increase  of  the 
adhesive  meniscus  and  therefore  the 
better  conditions  of  damping  obtained 
with  the  primer. 


to  the  hygrometry  of  the 
adhesive  bonding  room,  in 
case  of  adhesive  bonding 
of  honeycomb  5056  of  20Mm  , 
with  mesh  of  4mm,  with 
"Redux  312  UL"  100  g/m2. 

4.  USE  OF  THE  PRIMER  "REDUX  112" 

The  problem  whether  to  use  the  primer 
or  not  on  the  honeycomb  meshes  has 
been  raised  on  account  of  a  degassing 
.out  of  the  norms  in  space  environment, 
the  quantity  to  be  used  being  some 
^hundred  grammes  per  satellite. 

The' comparison  tests  run  out  after 
staying  of  the  adhesive  film  within 
different  hygrometries  have  shown  a 
clear  strength  increase  of  the 


Without  primer 


With  primer 
"Redux  112" 


Fig.  3  -  Geometry  development  of  the 
adhesive  meniscus  with  use  of 
the  primer  "Redux  112",  in  case 
of  adhesive  bonding  of  honey¬ 
comb  5056  of  20)um  ,  with  meshes 
of  4mm,  with  "Redux  312  UL" 

(100  g/m2).  ' 

In  an  adhesive  bonding  environment 
having  an  hygrometry  lower  than  30%,  the 
increase  of  adhesive  damping  on  the  liner 
with  primer  -  also  the  height  increase  of 
the  meniscus  -  compensates  for,  but  does 
not  suppress,  the  deterioration  of  the 
polymer  characteristics,  which  is  due  tp 
a  drying  before  curing. 
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4.  CONCLUSIONS 

The  serial  manufacture  of  sandwich 
panels  of  high  quality  for  satellite 
structure  is  feasible  with  an  adhesive 
film  of  very  low  surface  mass  of 
100  g/m2  ,  (Redux  312  UL). 

This  delicate  manufacture  will  be 
mastered  provided  that  the  classic 
operationnal  parameters  be  well  super¬ 
vised,  such  as  quality  of  the  adhesive 
batch,  parameters  of  surface  treatment 
and  of  curing,  but  it  will  be  necess¬ 
ary  not  to  neglect  the  primer  use  on 
the  honeycomb  which  increases  by  40% 


Figure  4 

Structure  panels  I  N  T  E 


the  meniscus  height,  as  the  hygrometry 
control  of  the  bonding  rooms  between  40 
and  60%,  a  too  low  hygrometry,  lower  than 
30%,  reducing  between  25  and  45%  the 
strength  of  the  adhesive  menisci. 
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HIGH-TEIVIPERATURE  RESISTANT  MATERIALS  FOR  SPACE  MOTORS 


J  J  Choury 

Societe  Etv'opeen  de  Propulsion  (SEP),  Saint- Medard-cn-Jallcs,  France 


ABSTRACT 

Evolution  of  the  Apogee  Boost  Motor  and  parficu- 
lariy  of  the  nozzle  design  for  solid  propellant 
motors  over  the  last  15  years. 

Corresponding  evolution  of  throat  materials  used 
for  high  temperatures  :  phenolic  composites, 
carbon-carbon  composites  deve lopped  by  SEP  (sep- 
carb).  General  thermomechanical  characteristic  - 
Ablation  resistance  -  Advantages  of  carbon-carbon 
materials. 

Future  prospects  :  improvement  of  materials  - 
increased  application  field  in  space. 

Key  words 

Apogee  Boost  Motors  -  Nozzle  -  Phenolic  compos itos- 
Carbon-carbon  composites  -  Thermal  Protection. 


1 .  I NTRODUCT I  ON 

Since  t  i  1  teen  years  the  solid  propellant  rocktit 
-Toror  nozzles  have  very  much,  changed  because  of  Ihe 
progresses  concerning  ablative  materials. 

The  nozzle  is,  in  fact,  one  of  the  main  component 
of  the  rocket  motor  and  its  performance  depends  on 
the  character! st i cs  of  the  materials. 


For  the  rocket  motors  of  balistic  missiles  tfie 
evolution  cif  tfic  nozzles  resulted  in  an  increasing 
of  their  dimension  ejnd  in  designs  ut  i  I  iz,  i  ng  more 
and  more  submerged  arch  I tectures .Because  of  the 
more  and  more  severe  thermomechan i ca  I  sollicita- 
tions,  these  nozzles  were  gradually  obliged  to  use 
new  high' performances  materials  able  to  resist  to 
a  more  and  more  aggressive  environment.  . 

The  use  of  these  new  materials  had  a  great  influ¬ 
ence  on  the  nozzles  architecture  which  evolution 
also  greatly  depended  on  the  different  designs  of 
rocket  motor  vector  control.  So  we  gradually  pas¬ 
sed  from  rotative  nozzles  to  fixed  nozzles  with 
gaz  injection  In  the  exit  cone  then  to  the  flexi¬ 
ble  nozzles  of  the  actual  generation. 

Concerning  the  materia  is  exposed  to  important  heat 
transfer  flow,  we  have  passed,  as  shown  in  table  1, 
from  heavy  frujlcirials  (turjgsfen)  or  not  very  resis- 
faiif  lo  thornuit  shocks  ( po  I  yrr  i  s  t  a  I  I  i  n  graphifos) 

(jr  highly  <]n  i  sof  rrjp  i  c  (()yrograph  i  tus)  or  fherrnode- 
grad.ible  (phofu^lic  composites)  fo  tfiormostab  le  ma¬ 
terials  very  well  resisting  to  thermal  shocks  and 
few  anisotropic'. 


Table  1 . 


ROTATED  NOZZLES 

FIXED  NOZZLES 
(GAZ  INJECTION) 

FLEXIBLE  NOZZLE 

ABLATIVE  MATERIALS 

.  High  heat  transfert 

Tungsten 

Pyrographite 

carbon-carbon  (sepcarbs) 

.  Low  heat  transfert 

Graphite  (ds.  i  .75) 

Phenol  i c  carbon** 

Graphite  (d  s.  1.85) 

Pheno  1  i  c  graph  i  te'**' 

carbon-carbon  (sepcarbs) 

Phenolic  carttoti'"- 

Pheno  1  i  c  g  r  ap ii  I 

-LNSI ! t AJ^ I  NG  MAII.Itl  Al..r> 

Ref  r  Jf: lory  (.( imen  1  ■ . 

Phono  lie.  car  iMh'-i 

PheiKjlit  r  af  hon*'*’ 

Phenolic  Cfjrhon** 

Pt)0  no  Mr.  ilir:<j 

Plienoiic  cjsbestos 

rtiono  lie:  s  i  1  i  f  c 

''  short  fibers  '-'V  Fabrics 
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,1 .1  CHOURY 


These  progresses  in  the  development  of  ablative 
materials  and  in  the  nozzles  design  enabled  SEP ^ 
to  have  a  good  place  in  the  world  for  the  apogee 
boost  motors.  SEP  has  had,  for  instance,  an  im 
Dortant  role  in  the  development  of  the  apogee 
Lost  motor  of  the  European  satel  I  ite  GEOS  put  in 
orbit  on  apri 1  1977.  Actually  SEP  is  deve lopping 
as  main  contractor  and  with  the  collaboration  of 
SNIA  VISCOSA  (Italy)  and  MAN  (Germany)  a  series 
apogee  boost  motors  col  led  MAGE  1,  2  and  T,  under 
contract  of  tho  luropean  Space  Agency. 

In  this  paper  we  proposed  to  show  the 
which  enabled  to  change  so  quickly  the  design  of 
tL  apogee  boost  motors  nozzles  which  are  now  very 
much  performant.  Although  we  also  intend  to  spc. k 
of  materials  for  insu latlon,  we  shall  particularly 
Insist  on  the  dovelopmont  of  phenolic  ’ 

with  carbon  reinforcements  and  on  sopcarbs  cai  l.oir- 
carbon  materials)  at  SEP.  We  shal  l  ^ 

known  characteristics  of  these  -"f !  LrraK 
shall  compare  to  those  of  more  classical  al. 

such  as  polycristallin  graphites  and  pyrograph i te. 
in  partlLlL  we  sha 1 1  demonstrate  the  interes  of 
sepLrbs  as  nozzles  materials,  because  their  abla 
tlOT  resistance  can  vary  in  a  large  range,  accor 
ding  to  their  characteristics. 


2.  EVOLUTION  OF  THE  APCEEE 
BOOST  MOTORS  NOZzLES 

The  apegee  boost  motor  has  a  fixed  non  vectored 
■  nozzle.  The  apegee  boost  motor  and  its  saKI  itc 
sLcLraft),  usually  spin  stabi  1  ized,  is  injected 
into  a  transfert  orbit  by  a  launcher.  The  goal  of 
the  apogee  boost  motor  is  to  create  a 
increLnt  at  a  point  near  the  apogee  of  the  trans 
IL  orbit  apogee  in  order  to  inject  the  spacecraft 
into  a  circu  lar  geostationary  orbit.  The  velocity 
increment  and  the  total  weight  of  the  spacecraft 
are  requirements  imposed  by  the 
■crease  the  payload  there  are  two  ways  of  reducnig 
Lr.weight  of  the  motor  inerts  and  increasing  the 
Speci  f i c  impu  Ise. 

For  an  apogk-  boost  motor,  such  as  MAGE  1.  the 
Lf  luenco  coeffidienfs  of  the  payload  in  rol.ilion 
with  the  weight  of  the  inerts  of  the  motor  am! 
with  the  specific  impu iso  are  the  following  . 

A(weigh1  of  the  payload  )  ^  ,  gg 

weight  of  the  inerts  )  (i,o6  Ibs/llv.) 


^(weicjht  of  the  payloacl)_ 
spec! tic  Impulse  ) 


=  0.85  kg/sec 
(1.87  Ibs/ibs) 


Of  course  the  nozzle  design  has  a  great  i nt  luen^ 
on  the  improvement  of  the  specific  impulse  and  on 
the  weight  reduction  of  inerts. 

The  throat  behaviour  is,  in  ® 

parameter  to  be  taken  inbaccount. 

Lea  the  convective  heat  transfer  and  therefor^ 
the  erosive  conditions  are  maximum. 

Because  of  the  small  diameter  of  the  "‘'^zie 

In  apogee  boost  motor,  a  slight  variation  o  Ihis 
diameter  (due  to  the  erosion)  leads  to  a  " 
large  variation  of  the  throat  area.  ^1' 
of  Lea  is  detrimental  because  it  reduce.  1  h>  cx 
panslon  ratio  and  therefore  the  thrust  ef  u  i-.'Mcy 
Ld  also  changes  the  f  Uiw  rates  of  the  mol  or. 


The  growing  use  of  higher  specific  impulse  P-"^^  ^ 
pe!lants  iLreases  the  erosivity  combustion 

Loducts  therefore  a  low  erosion  rate  of  the  throat 
is  all  the  more  difficult  to  obtain. 

That  is  why  we  are  looking  for  light  materi a  Is  with 
a  more  and  more  high  resistance 

explains  that  we  have  passed  from  phenolic  cempo 
sites  to  the  polycristallin  graphites  then  to  th 
pyrairaphito.  Unfortunately  these  materials  (we 
wl  I  r  soe  It  later)  cannot  be  manufactured  in 
larqo'parts  and  are  very  sensitive  to  thermal 
shoLs  For  these  reasons  they  are  general  ly  used 
as  inserts  in  the  nozzle.  The  change  between  the 
resistance  fo  erosion  of  the  throat  insert  and  the 
thrant  extension  may  induce  a  step  or  a  discon 
nuity  in  tin'  contour  then  turbulences  In  Fhe  gas 
flow  which  are  detrimental  to  the  thrust  efflcien- 
cv.  Tho  ber.  I  solution  is  to  have  a  good  pinootn 
erosion  prol  i  In  from  the  entrance  cap  ! 

cone  ;  henoo  I  he  development  of  sepcarbs  wl fh  mu  I 
t I d i rect I onna I  textures. 

The  motor  specific  impulse  deeply  depends  on  the 
gas  side  cantour  of  the  nozzle,  mainly  of  the  exit 
conn.  For  maximum  performance  all  the  conbustion 
products  must  be  accelerated  to  a  max imum  ve loc i ty 
L  the  direction  of  the  axis.  Therefore  the  expan¬ 
sion  ratio  must  be  as  high  as  possible.  Unfortu¬ 
nately  during  this  expansion  two  adverse  effects 
occured  :  divergence  and  two  phases  losses.  The 
contoured  shape  of  the  exit  cone  is  a  compromise 
between  the  divergence  losses  and  the  axial  velo¬ 
city  within  the  limited  length  of  envelope. 

-  The  two  phases  flow  losses  occur  mainly  m  the 
throat  area  where  the  acceleration  is  maximum. 

An  appropriate  shape  of  the  throat  area  a  I  lows  to 
reduL  these  losses.  Finally  it  is  necessary  to 
avoid  particle  impingements  in  the  aft  part  of  the 
exit  cone.  For  the  exit  cone  we  chiefly  need  good 

mechanical  properties  materials,  not  too  much 
conductor  and  easy  to  be  manufactured  in  this  spe 
cl  a  I  shape,  hence  the  genera  I  i zed  Use  f ' fst  of 
phenolic  cemposites  and  nowadays  of  sepcarb  which 
are  moreover  thermostable. 

We  can  sum  up  the  evolution  of  the  apogee  boost 
motor  noziHos  as  follows. 

a)  First  veneration  nozzles  ^  ^  ^  t 

Three  example',  are  given  in  figures  I,  2  and  i. 
Those  nozzles  whoso  development  oeran  at  the  end 
of  1960's  are  pr  i  nc.  I  pa  I  ly  usi  ng  phenol  I  c  ccmp'Osi- 
tes  and  polycristal !in  graphites  I i ke  the  nozz les 

of  tha  big  rocket  motors  of  balistic  missiles 
produced  at  the  same  time. 

A  B  M.  NOZ2LE-  1*^  O«n«ro*lon  -  Typ»  1 
Q)(2)0  Carbon  phenolic 
(3)  (3)®  Polycryitalline  grophiU 

®  P.G. 

(5)  Silica  phenolic  — T” 

(9)  Metollle  structure  1 


Figure  1 
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In  figure  I  we  present  a  sketch  of  one  of  the  first 
apogee  boost  motors.  The 

metallic  structure  (9)  is  made  of  aluminium  alloy  • 
the  entrance  cap  (I).  the  external  insulation  (2) 
and  exit  cone  entrance  (7)  are  made  of  phenolic 
carbon  ;  the  aft  part  of  the  exit  cone  (8)  is  in 
phenolic  silica  ;  the  throat  (6)  in  pyrographite  is 
surrounded  by  three  pieces  (3,  A,  5)  in  polycris- 
tal  lln  graphite.  In  such  a  nozzle  the  three  func- 
'■®='stance.  Insulation,  erosion 
resistance)  are  well  separated  and  so  they  lead  to 
the  use  of  materials  with  very  different  characte- 
nriw  temperatures  of  the  meta  1 1  ic  structure 

and  the  externa  I  part  of  the  exit  cone  are  general¬ 
ly  low  during  the  firing  tests.  ^ 


Thee.ozzle  in  figure  2  uses  the  same  technology 

sL  satellite  motor.  In  com^ari- 

son  with  the  nozzle  described  here  before,  the  main 
alfferences  are  : 

-  a  less  massive  metallic  structure  (7) 

-  a  more  simple  architecture  for  throat’area  with 
only  two  pieces  :  one  throat  (4)  in  polycristal- 
Un  graphite  with  a  phenolic  carbon  insulation 

-  the  use  of  phenolic  graphite  more  performant 

approach  for  the  input  throat 

In  this  nozzle  we  used  phenolic  composites  of 
better  quality  deve lopped  by  SEP  between  1968  and 
1972  and  using,  in  peculiar,  more  reliable  and  more 
performant  reinforcements  (carbon  and  graphite  fa¬ 
brics)  manufactured  now  by  GEPEM  in  France.  In  spite 
of  these  improvements,  this  nozzle  with  a  weight  of 
about  1 1  kg  was  still  very  heavy. 

The  erosion  of  the  nozzle  throat  depends,  of  course, 
on  the  used  propel  lant.  For  example  we  have  noticed 
the  two  following  values  : 

■  (is;^  Al.  14  %  binder) 

I  3450  K  — >  erosion  rate  =  0.048  mm/sec 

’  <16  Ml.  12  Minder) 

r  3620  K  — >  erosion  rate  =  0.091  mm/sec 

This  thropt  erosion  is  in  a  great  part  due  to  the 

IS  ?f;e°is3u?id'¥c;^Sui^sss: 

combustion  products  flow. 

To  reduce  the  weight  of  such  a  nozzle  we  have  used 
low  density  materials  in  all  the  areas  where  heat 
transferts  are  low.  This  new  nozzle  has  been  deve- 
lopped  under  ONES  contract.  It  is  described  by  thp 
sketch  of  figure  3. 


A.B.M.  NOZZLE  .  l<*6«wralio«  ■  fyp.  3 


Lightweight  carbon  ^onolic 
Carbon  phenolic 
Graphite  phenolic 
Polycrystalfine  graphite 
Metallic  structure 
Carbon  epoxy 


Figure  3. 

The  main  differences,  in  comparison  with  the  pre- 
cede  nr  one^riru  The  following  : 

-  The  phenolic  carbon  of  the  extorna I  Insulaiion 
(1)  of  tho  structure  and  of  theaft  part  of  fhe 
exit  cone  (o)  Is  made  of  tape  wrapped  phenolic 
carbon,  lightened  by  addition  of  microballoons 
the  density  of  which  being  close  to  1  g/cc. 

To  Improve  thO' behaviour  in  erosion  of  the 
nozzle  part  before  the  throat  we  have  used 
^  phenolic  graphite  in  the  entrance  cap  (2). 

This  entrance  cap  Is  made  of  phenolic-graphite 
fabric  molded  in  an  hellcoidal  rosette  mechani¬ 
cally  fastened  to  the  external  insulation  by 
phenolic  carbon  fastener. 

-  On  the  outside  of  the  exit  cone  a  high  strength 
overwrap  is  used  for  structural 
Strength. The  parting  of  the  structural  and  ther¬ 
mal  functions  is  due  to  the  poor  mechanical  cha¬ 
racteristics  of  the  lightweight  material. 

With  these  improvements  we  were  able  to  reduce  the 
nozzle  weight  to  9.3  kg  which  did  not  seem  to  be 
sufficient  to  test  the  nozzle  at  firing  because  of 
the  progresses  made  in  para  I  lei  in  the  development 
of  sepcarbs  ano  of  the  foreseen  improvements  of 
nozzles  wttfi  these  last  materials. 

b)  Second  generation  nozzles 

The  characteristics  outline  of  these  nozzles  stay 
on  the  fact  that  the  ablative  materials  has  also 
a  structural  function  which  is  possible  thanks  to 
the  use  of  sepcarbs  wi  th  mu  1 1 i d i rect ionna I  tex¬ 
tures,  which  mechanical  properties  are  retained 
or  even  improved  up  to  high  temperatures. 

A  sketch  of  this  type  of  nozzle  is  given.  In 
figure  4. 


NOZZt€-  2"J  G.r..rotion 

(5(3)  Corbon  phenolic 
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it  Is  tho  same  nozzle  that  those  used  on  apogoo 
boost  motor  MAGB  1 . 

The  entrance  cap  and  the  throat  (2)  are  made  with 
one  Single  sepcarb  piece  with  40  texture  (SEP 
patent)  of  a  dei  Ity  nenr  2.0. 

T.i!  pi<»ce  can  withstand  ^he  external  pressure 
Without  being  rolnforcf^d  by  a  metallic  structur<', 
on  the  other  hand  the  mii  Itl di  recMonna  I  Taxfuitj  cf 
this  piece  n revents  It  from  cracking  or  delamina- 
tion  whicn  is  a  great  advantage  In  comparison  with 
classical  materials. 

The  structure  (6)  in  titanium  alloy  Is  protected  on 
its  externa!  face  by  phenolic  carbon  (1). 

The  exit,  cone  (4)  is  also  made  with  phenolic  carbon 
Such  a  new  design  allows  not  only  a  weight  reduc¬ 
tion  but  also  an  improvement  in  the  erosion  resis¬ 
tance  of  the  contour  mainly  in  the  throat  area. The 
depth  of  erosion  is  reduced  at  the  throat  and  the 
erosion  smoothness  Is  enhanced  compared  with  the 
previous  multipiece  design. The  result  is  a  better 
specific  impu 1 se. 

Only  pyrolytic  graphite  (PG)  insert  on  the  throat 
may  reduce  the  erosion,  but  the  erosion  of  the 
contour  from  the  throat  approach  to  the  throat 
extension  would  be  very  irregular  and  probably  the 
specific  Impu  !se  wou Id , be  reduced.  On  the  other 
hand,  with  P6  the  nozzle  design  would  be  more  com¬ 
plicated  and -therefore  less  reliable. 

c)  tyiird  generation  nozzles 

A  sketch  of, this  type  of  nozzle,  deve lopped  for 
example  for  apooee  boost  motor  MAGE  3  Is  given  in 
figure  5. 

Figure  5.  A.B.M.  Nozzle  (3rd  Generation) 

®<2)  Sepcarb  4D 
(3)0  Carbon  phonoMc 
®  Sopcorb  •‘rofetto" 


The  submerged  part  of  the  nozzle  Is  made  with  two 
sepcarbs  4D  ( 1 ,  2) pieces  going  from  the  entrance 
cap  to  the  exit  cone  er^trance.  The  exit  cone  (b)  is 
in  sepcarb  ’’("osette^'  directly  screwed  to  the  throat 
piece.  This  exit  cone  is  insulated  on  its  outside 
with  a  felt  (et)  made  el  ther  from  carbon  fibers  or 
silica  alumina  fibers  to  protect  the  motor  bottom 
from  heating.  Phenol ic  carbon  (3,  4)  only  protects 
titanium  alloy  structure  (7)  against  a  too  impor¬ 
tant  heat! ng. ‘Such  a  nozzle  weighs  about  7  kg. 


3.  GENERALITIES  ON  NOZZLES  MATERIALS 

In  this  papc^  we  are  not  going  to  speak  of  polycris- 
tallin  graphites  and  pyrographites  (which  are  wet! 
known  and  widely  described  elsewhere)  and  or  pheno¬ 
lic  silica  which  was  unused  except  for  the  first 
nozzles. 


We  wi  I  1  part  icu  l.ar  ly  insist  on  phenolic  composites 
with  carbon  reinforcements  and  sepcarbs  deve  lopped 
and  manufactured  by  SEP. 

3 . 1  Phenolic  compos, ites  with  carbon  reinforcements 

These  materials,  made  of  a  carbon  reinforcement, 
a  phenolic  matrix  and  eventua I ly  fillers,  are  known 
and  'tsed  no"  since  more  than  fifteen  years,  in  pro- 
nu Is i on  f I e I d . 

The  carbon  reinforcements  are  made  of  carbon  or 
graphite  fibers  under  various  forms  ;  shprti^ 
fibers,  mats,  felts,  fabrics.  These  fabrics  are 
got  by  pyrolysis  under  a  controlled  atmosphere 
from  cotton,  rayon,  viscose,  preoxydized  polya- 
crylonitrile  (PAN),  preoxydized  pitch  etc. 

For  Its  phenolic  composites,  SEP  essentially  uses 
rayon  precursor  carbon  or  graphite  fibers. 

Graphite  fibers  are  in  fact  Carbon  fibers  treated 
at  a  high  temperature  which  changes  amorphous 
initial  structure  of  the  carbon  Into  a  more  orien¬ 
ted  structure  which  is  cal  led  turbosti^at i c .  These 
fibers  are  light,  their  evaporation  temperature 
is  about  3650  °C  and  their  thermal  conductivity  is 
relatively  low  for  the  carbon  fibers.  They  have 
good  mechan i ga 1  properties  but  a  bad  oxydation 
resistance  (graphite  fibers  being  however  better 
than  carbon  fibers) . 

These  low  modulus  fibers  are  different  than  high 
strength  and  ivigh  modulus  carbon  and  graphite 
fibers  which  are  also  obtained  by  pyrolysis  under 
control  led  atmosphere  from  the  same  precursors 
but  under  tension,  the  main  applications  of  which 
being  structural  materials. 

In  Its  actual  phenolic  composites,  SEP  essentially 
uses  carbon  and  graphite  fabrics  made  in  France  ^ 
by  GEPEM. These  fabrics  are  associated  with  phenolb 
resins  which  give  a  high  rate  char  which  has  good 
mechanical  properties.  These  resins  are  obtained 
by  potyfcondensation  of  phenol  and  f ormo  1 . 

There  are  two  main  processes  to  make, parts  with 
pheno i i c  compos i tes  :  '  ' 

-  therniocomp cession  mold i  ng, 

-  tape  wrapping  of  a  preform  and  curing  of  these 
one  in  an  autoclave  or  hydroclave. 

Sketches  of  these  two  techniques  are  given  in 
figure  6. 


FIG:  6  FABRICATION  of  PHENOLIC  COMPOSITES 


General  ly  the  curing  temperaturd  is  between  150 
and  160  and  the  curring  duration  between  5  and 
10  h.  With  these  t-'O  techniques,  parts  ^of  diffe¬ 
rent  shape  arid  size  are  made  as  shown  In  the  fi¬ 
gures  7  and  8.  > 
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Fig  I  t  Tap*  wropping  porli 


lop*  wrapping  "pora"  Tope  wrapping  ’’bias" 


3*2  Sepcarbs 

As  shown  in  figure  9,  five  main  families  of  sep¬ 
carbs  have  been  deve lopped  and  industrially  pro- 
ducted  by  SEP. 


U'  MMUCAnoN  or  sircAjti 


The  three  first  sepcarbs  families  (10,  20,  300) 
which  are  made  from  carbonized  preforms  lay  out  on 
a  very  large  experience  of  SEP  in  production  of 
composite  preforms.  Of  course  the  first  works  in 
the  field  of  carbon-carbon  were  made  with  these 
kinds  of  sepcarbs. 

These  first  works  begun  in  1969  and  first  they 
exclusively  concerned  reimpregned  pyrolysed  mate¬ 
rials  (sepcarbs  serie  10).  Two  types  of  resins 
have  been  studied  to  make  these  materials  :  pheno¬ 
lic  and  furfurylic  resins.  Even  if  they  are  better 
known  (they  composed  in  part  classical  composites) 
phenolic  resins  have  been  quickly  let  down,  to  the 
benefit  of  furfurylic  resins,  of  a  superior  quali¬ 
ty,  The  most  difficult  steps  in  the  development  of 
these  sepcarbs  have  been  i 


-  prepegging 

-  preforms  curing 

-  pyrolysis  of  these  preforms 

For  several  years  now  the  manufacturi ng  techn ic 
of  sepcarbs  10  i s  we  I  I  known  and  we  regularly  get, 
in  two  or  three  relnoregnation,  sepcarbs  with  a 
density  betv/een  1,50  and  1.60  on  large  parts 
(external  diameter  >  500  mm  and  thickness:>  50  mm) 
the  reinforcement  of  which  being  a  rayon  precur¬ 
sor  graphite  fabric. 

The  second  fami ly  of  sepcarbs  wh ich  has  been  deve- 
lopped  is  those  of  sepcarb  20  obtained  by  densi- 
fication  of  carbonized  preforms  by  CVD.  We  gene¬ 
rally  use  the  "isothermal"  process  and  the  tech¬ 
nic  consists  in  filling  the  pores  of  preforms  with 
pyrolitic  carbon  resu I ti ng  of  cracki ng  of  light 
hydrocarbons. 

The  third  fsirni  ly  of  sepcarbfj  was  dovelopped  I n  com¬ 
bining  fortlu*  dons  I  f  i  cat  ion  of  carbonized  preforms 
resin  char  end  pyrolyflc  carbon  (CVD).  This  kind 
of  sepcarb  is  called  sepcarb  300.  This  technic 
offers  the  bei,l  solution  to  fill  the  pores  (the 
size  and  th«'  distribution  of  which  being  generally 
very  different  frcm  One  part  to  the  other)  of  the 
preforms.  Addition  of  pyrolytic  carbon  In  the 
matrix  of  carbon-carbon  changes  the  thermal  and  the 
mechanical  characteristics  of  these  materials  and 
affords  to  enlarge  their  range  of  applications. 

Actual  ly  we  easily  produce  large  parts  in  sepcarb 
20  or  sepcarb  300  with  density  between  1.50  and 
1,65  when  they  are  reinforced  with  rayon  precursor 
graphite  fabric. 

In  paral  lei  to  this  work  on  sepcarbs'  10,  20,  300 
we  have  deve lopped  a  fourth  family  of  carbon- 
carbon  (sepcarbs  40)  which  is  obtained  by  CVD  den- 
si  f  i  cat  i  on  of  dry  carbon  textures.  Since  five  years 
SEP  has  done  a  big  effort  in  this  field  and  today 
we  are  able  to  reach  on  large  size  parts  densities 
between  1.60  and  1.67  with  rayon  precursor  graphite 
fabric  and  between  1.75  and  1.90  with  PAN  precursor 
graphite  fabric.  If  we  use  pitch  precursor  graphite 
fabric  we  can  reach  densities  higher  than  1.95. 

A  sketch  of  the  manufacturing  of  therjC  4ftimilies 
of  sepcarbs  is  given  on  the  figure  10. 


FIG:  10  FABRICATION  of  SEPCARB 


To  complete  our  range  of  sepcarbs  we  have  deve lop¬ 
ped  during  the  last  three  years  a  f i f t  family  of 
carbon-carbon  (sepcarbs  500)  which  is  obtained  by 
dens i f i cat i on  with  pitch, under  high  pressure  and 
temperature^  (D  mu  It i d i reef i onna I  textures  (40,  5D, 
60)  patented  by  SEP. 
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In  comparison  with  the  perhaps  better  known  textu¬ 
res  30/  these  textures  have  many  advantages  such 
as  : 

-  a  better  isotropy, 

-  a  greater  ability  for  densi f icat ion  (due  to 
their  open; porosity ) 

-  a  more  homogeneous  densi f icat ion  resulting  in  no 
no  density  gradient  In  the  parts, 

-  a  sma I ler  poros Ity  hence  a  minor  roughness  for 
the  same  quality  of  fiber, 

-  a  better  conservation  of  mechanical  ciiaracter i s- 
tics  of  fibers. 

Generally  with  the  sepcarbs500  we  obtain  density 
between  1.90  and  2.05.  A  sketch  of  their  manufac¬ 
turing  Is  given  on  the  figure  11. 


*«*«««)«  OENSIFICATION  CoAontoliw 

Preform  — p  OP  SEPCARBS  500 

inspection!  ' 


Mochining 
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4.  GENERAL  OIARACTER I  ST  ICS  OF 
NOZZLES  MATERIALS 

4.1.  Phenolic  composites 

We  show  down  the  characteristics  of  the  three 
main  materials  used  In  the  nozzles  of  apogee  boost 
motors  : 

-a  molded  phenolic  graphite, 

-  a  molded  phenolic  carbon, 

-a. tape  wrapped  phenolic  carbon  parallely  to 

the  piece  axis.  Table 


The  thermal  and  mechanical  properties  at  room 
temperature  of  these  materials  are  given  in  table 
2.  The  evolution  of  some  characteristics  versus 
temperature  is  given  by  the  curves  of  figures 
12,  13,  14,  15,  16,  17 


CHARACTERISTICS 

P.G 

GRAPHITES 

'rngwaire - 

CARBCN 

EaSiAillaHHI 

Density 

2.15-2.23 

1.65-1.85 

1.50 

1.47 

Compressive 

resistance 

MPa 

350 

100 

1 

// 

56-158 

51-163 

//I 

1 

400 

150 

1 

// 

250 

150 

1 

// 

Tensile 

resistance 

MPa 

105-140 

// 

13-46 

19-53 

// 

1 

150 

150 

//  ' 

1 

250 

120 

1 

/7 

Flexural 

resistance 

MPa 

240 

1 

20-76 

29-79 

// 

1 

200 

// 

150 

// 

Flexural  modulus 

18000 

16000 

Shear  resistance 

MPa 

.55 

25 

Specific  heat 

Kj/Kg  °C 

'v  0.96 

0.62-0.75 

0.96 

0.96 

Conductivity 
(room  temperature) 

W/m2  "C 

’’a"  direct. 

'V  363 
"c"  direct 
'v  1.25 

80-150 

80-150 

2  // 
1.35  1 

4 

2 

// 

1 

a)  Therma  1  expans  I  on 

Heating  rate  has  a  great  influence  on  expansion 
values  got  with  phenolic  composites.  In  fact  the 
expansion  measured  with  high  heating  rates  is  more 
a  swelling  of  the  sample  due  to  the  outgassing 
during  the  pyrolysis  of  the  resin  than  a  real 
expansion. 


Figure  12. 


hbwTape  wrapped  phenouc  carbon: 

Figure  13. 


The  got  a  values  are  hot  homogeneous  with  the 
correspondant  values  of  modu  lus  measured  or  sta¬ 
bilized  in  temperature  after  a  low  rate  heating 
and  restrained  samples. 
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Homogeneous  characteristics  (E,  a)  are  obtained  by 
restrained  thermal  growth  tests.  The  values  obtai¬ 
ned  In  these  conditions  (see  figures  12  and  13) 
are  representative  of  characteristics  of  materials 
which  have  been  pyrolyzed  under  a  multi-axial 
compression, 

b)  Thermal  conductivity 

Phenolic  carbon  has  a  lower  thermal  conductivity 
than  phenolic  graphite  till  300°C.  The  difference 
Is  reduced  when  the  temperature  grows  up. 


CARBON  ond  GRAPHITE 

Figure  14. 


In  all  the  cases  the  conductivity  in  the  direction 
of  the  lamina  is  higher  than  these  across  the  la¬ 
mina,  the  difference  being  more  Important  when  the 
material  is  more  conducting.  Phenolic  composites 
are  less  conducting  than  po Iyer  I sta 1 1 i n  graphites, 
that  is  why  they  are  generally  used  for  insulating 
materials  In  nozzles. 

c)  Meehan icatVcharacteri sties 

In  a  general 'w^y,  phenolic  composites  have  better 
mechanical  characteristics  at  room  temperature  than 
po  lycri sta 1  I i n  graphites.  On  the  contrary , because 
of  their  thermodegradab le  nature,  their  cha¬ 
racteristics  vary  very  much  at  high  temperatures. 


Young  modulus  of  graphites  and  P.G 
I  MPa 


30000 


20000 


P,G  “o-b"  direction 


Unlike  polycri sta  I  1 i n  graphites  and  pyrogrnphite 
the  mechanical  properties  of  which  are  increasing 
with  temperature  (Figures  16,  19), those  of  phenolic 
corr'posites  'fall  down  dramatically  between  300  and 
300  (resin  pyrolysis)  and  recover  with  difficul 
ty  their  o.^igina,  I  va  lues  at  high  temperatures. 


10000. 


RO  "c  "  direction 


oL 

0 


1000  23oo  rj^c) 


In  a  gener^H way,  above  1000.^0  phenolic  compo¬ 
sites  behave  like  carbon-carbon  materials.  I  his 
evolution  at  high  temperatures  of  phenolic  com¬ 
posites  characteristics  sometimes  justifies  fheir, 
use  as  materials  for  nozzles  contour  when  thermal 
heat  transfers  are  low  and  mechanical  sollicita- 


tions  not  loo  much  severe.  In  this  case  the  pns 
Sibil ity  fo  manufacture  largo  parts  can  be  inte 
resting  compare  to  the  difficulties  which  are 
encountered  with  pol  ycr  i  sta  I  I  i  n  graphites  and-, 
pyrographites. 
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4.2.  Sepcarbs 


Tables  3  and  4  give  the  characteri sties,  at  room  are  industrially  manufactured  by  SEP. 

temperature  of  the  main  sepcarbs  2D  and  nD  which 


CHARACTERISTICS 

UNITS 

SEPCARB  300 
RAY 

SEPCARB  40 

RAY 

SEPCARB  40 

PAN 

SEPCARB  40 

PAN  HR 

Specific  gravity 

kq/m3 

1450-1550 

1400-1730 

Compressive  —•■53.^ 

resistance  -^OniD'*- 

MPa 

50-160 

90-135 

HESEBoSuHii 

MPa 

12100-14900 

2700-5000 

12000-21000 

5000-6100 

25000-40000 

46000-49000 

Tensile  res  1  stance 

MPa 

45-bO 

35-70 

40-150 

160-180 

Tensile  modulus 

MPa  • 

12000-22700 

25000-47000 

45000-72000 

mmmmm 

MPa 

- 

70-1 10 

65-220 

260-360 

360-535 

Shear  resistance  * 

MPa 

7-11 

13-26 

8-20 

5-7 

Expansion 

41/1  4-IQQ0)-* 

% 

0.18-0.20 

0.55 

0.20-0.30 

0.60-0.85 

0.07-0.12 

0.75-1.15 

Therma  1  "•*** 

diffusivlty  "•Bnn 

10-Vs-' 

65-90 

18-26 

150 

40 

13G 

60 

- 

Table  3  ^  Characteristics  at  room  temperature  of  sepcarbs  2D 


Table  4  -  Characteristics  at  room  temperature  of  sepcarbs  4D 


These  physical,  thermal  and  mechanical  characte¬ 
ristics  of  sepcarbs  represent  only  a  first  approach 
of  the  possibi I  it ies  of  these  materials  and  our, 
aim  is  only  to  prove,  that  by  opening  the  range  of 
manufacturing  technics  of  carbon-carbon  materials, 
we  have  increased  chances  to  find  out  the  adequate 
material  for  a  given  function. 

For  each  fami ly  of  sepcarbs  we  can  improve  one  or 
several  thermomechanical  properties  of  a  given 
material  by  using  a  different  reinforcement  or 
matrix.  We  have  an  example  of  it  by  comparing 
sepcarb  40  PAN  made  from  classical  fibers  ami 
sepcarb  40  F'AN  made  from  high  mechanica  I  resis¬ 
tance  fibers.  Beyond  high  mechanical  charaefpris- 
ttes  this  last  materials  famI ly  Droved  a  high 
fatigue  resistance  (more  than  10°  cycles  at  /()  % 
of  the  ultimate  strength  and  more  than  2000  cycles 
at  90  %  of  the  ultimate  sfrehgth).. Concerning  high' 
temperatures  sepcarbs  characteristics,  most  mea- 
surements  are  being  done.  However  on  figures  20, 


21,  22,  23  we  give  for  example  the  results  got 
till  now,. 
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These  curves  show  that  sepcarbs  behave  like  po Iy¬ 
er  I  stall  in  graphites.  We  can  sum  up  the  main  known 
advantages  of  sepcarbs  in  comparison  with  polycris¬ 
ta  I  I  in  graphites  and  PG  as  follows  : 

-  At  a  given  density  sepcarbs  have  higher  mechani¬ 
cal  properties  and  a  greater  thermal  shock  re¬ 
sistance  than  polycrista  I  I  in  graphites  ; 

-  Sepcarbs  ruptures  are  less  britte  than  those  of 
polycristal I  In  graphites  ; 

High  density  sepcarbs  AD  are  potentially  better 
(In  peculiar,  as  we  shall  see  It  later  for  appli¬ 
cations  to  nozzles)  than  PG,  because  of  their 
best  Isotropy,  of  their  low  expansion  coefficient 
■In  all  the  directions  and  of  their  ability  to  be 
manufactured  in  high  size  and  big  thickness. 


Figure  22 


9^09® lining  the  measure  of  erosion  resistance  of 
the ’sepcarbs  used  In  the  solid  propellant  rocket 
motgr  nozzles  an  Important  work  has  been  done  by 
SEP,,  which  results  are  presented  hereafter. 

The  first  problem  to  .solve  has  been  to  define 
the  erosion  tests.  Indeed  during  these  tests  we 
must  be  sure  that  the  material  behaviour  Is  simi¬ 
lar  to  its  behaviour  in  a  scale  1  nozzle. 


Several  typos  of  tests  have  been  used,  particular- 
ly_a  plasmajet  (20  000  KW/m2)  and  a  minlrocket 
(diameter  200  mm,  length  1000  mm,  throat  diameter 
35  mm,  duration  8.5-10  sec,  pressure'  30  bar)  but 
these  ones  were  not  satisfactory.  Finally  only 
reduced  scale  rocket  motors  have  given  correct 
results.  Two  types  of  rocket  motors  have  been 
used.  Their  characteristics  are  given  in  table  5. 


Table  5 


ROCKEl 

N”  1 

r  MOTORS 

N®  2 

Rocket  motor  lenath  . 

3000  mm 

2000  mm 

Rocket  motor  diameter  . 

390  mm 

800  mm 

Throat  diameter  . . 

54  mm 

75  mm 

Propellant  grain  weioht  . 

350  kg 

500  -  800  kg 

Pressure  . 

^  50  bar 

50  bar 

Duration  (polyurethane  propellant 

3350  “K  -  3500  “K)  . 

30  sor; 

'''  50  see' 

Duration  (PBCT  propellant  3650  ®K)  . 

'''  5f)  sec 

These  two  types  of  tests  have  given  similar  re¬ 
sults  with  phenolic  composites,  the  reproducibi¬ 
lity  being  better  with  N®  2.  Taking  into  account 
the  US  experience  and  the  fact  that  a  test  ero¬ 
sion  must  be  more  severe  when  the  material  is  more 
performant,  we  have  chosen  the  rocket  motor  N®2 
to  test  the  sepcarbs. 

Moreover,  this  choice  enables  to  evaluate  In 
firing  test  higher  size  parts,  consequent  I y  a  ma¬ 
terial  more  representative  of  those  that  will  be 
used  in  scale  1  nozzles. 


Indeed  we  c-mnot  forget  that  the  final  charac¬ 
teristics  of  a  composite  material,  such  as 
carbon-carbon^part ly  depend  on  the  shape  and 
the  dimensions  of  these  parts. 

Erosion  resistance  of  sepcarbs 

Table  6  gives  the  different  firing  test  results 
and  the  characteristics  of  tested  sepcarbs.  All 
these  materials  have  been  treated  at  high  tempe¬ 
ratures. 
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TEST  _ _ PREFORM 

NUMBER _ RE  i  NFORCEMENT 

1  Graphite  fabric 
(rayon)  square  weave 

2  Graphite  fabric 
(rayon)  8  MS 

5  Graphite  knit  (PAN) 

4  Graphite  mat  (pitch) 

5  Graphite  fabric 

(rayon)  8  HS 

6  5D  (rayon) 

7  Graphite  fabric 

(rayon)  8  HS 

8  Graphite  fabric 

(rayon)  8  HS 

9  Graphite  fabric 

(PAN)  8  HS 

10  (PAN) 

11  Graphite  fabric 

(PAN)  8  HS 

12  40  (PAN) 

n  40  (PAN) 


MATRIX 

DENSIFICATION 

PROCESS 

AVERAGE  DENSITY 
IN  THE  PARTS 

bar. mm. sec 

'  furfury 1 ic 

resin 

1.48 

0.0363 

without 

eVD 

1.68 

0.0209 

wi  t hout 

eVD 

1.77 

0.0163 

w  i  thout 

eVD 

1.82 

0.0119 

furfury ( i c 

eVD 

1 .55 

0.0233 

w i thout 

pitch 

1.93 

1  0.0096 

furfurylic  | 

resi n  + 
eVD  * 

1.50 

0.0185 

f  u  r  f  u  ry  1  i  c 

resin  + 

eVD 

1  .50 

0.0165 

wi thout 

eVD 

1.68 

0.0139 

phenolic 

pitch 

1 .92 

0.0121 

w i 1 hout 

CVI) 

1 .75 

0.0160 

plu'no  t  1  c 

p  i  fell 

1 .91 

0.0126 

pheno lie 

I  pitch 

1.88 

0.0129 

To  try  to  set  up  laws  giving  the  erosion  res istan- 
ce  of  carbon-carbon  materials  versus  their  densi¬ 
ty,  we  must  take  into  account  the  fact  that  there 
is  some  density  gradient  in  these  materials.  Oily 
the  average  density  of  the  eroded  portion  of  the 
parts  during  the  firing  test  has  to  be  taken  in 
Lcount.  Density  gradients  in  the  tested  parts 

CORRELATION  EROSION  DENSITY  Fig  24 
Rgducsd  scale  firing  tests 


’O  SEPCARB  10 
X  SEPCARBS  300 
•  SEPCARBS  40 
A  SEPCARBS  500 


have  been  estimated  from  density  gradients  measu¬ 
red  in  similar  parts.  After  correction  the  values 
of  table  6  give  the  correlation  between  erosion 
resistance  and  the  real  density  of  eroded  portion 
of  sepcarbs  that  we  have  represented  in  figure  24. 

On  this  f igure_erosioh  resistance  is  expressed  by 
a  coefficient  K  which  is  related  with  test  condi¬ 
tions  and  the  average  erosion  rate  by  the  relation 

K  V  re^‘^  pe 


:  efficiency  pressure 
:  efficiency  throat  radius 
•  average  erosion  rate  expressed  by 

Lr 

V  =  t  - . . 

ce  o 


1.4  1.5  UB  1.7  1.8  1.9  2.0  2.1 

Average  density  of  eroded  portion  of  material 


where  t  =  efficiency  combustion  duration 
ce 

t^  =  response  duration  of'  erosion 

Before  giving  conclusions  on  these  results  we 
must  ronemlx'r  Uiat  the  erosion  resi.stanco  of  a 
material  used  as  nozzle  throat  does  not  only 
depend  on  its  physico^chenlical  and  thermccriechant 
cal  characteristics  but  also  on  the  behaviour  of 
materials  surrounding  it  and  of  the  nozzle  archi¬ 
tecture.  For  the  results  we  have  presented  here- 
before  we  cannot  affirm  that  all  these  materials 
have  been  tested  in  rigorously  similar  conditions 
Taking  into  account  that  density  gradients  in 
parts  were  perhaps  a  little  bit  different  frcjin 
those  we  meastarad,  it  appears  in  first  approxi¬ 
mation  that  the  erosion  resistance  of  a  carbon- 
carbon  material  varies  in  a  linear  way  with  its 
real  density.  This  seems  to  be  logical  for  the 
carbon  material  density  strongly  depends  on  the 
cristallin  organization  of  carbon  el^nts. 

Indeed  the  carbon  density  grows  up  with  its  orga- 
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nizatlon  degree.  New  nore  a  carbon  is  organized 
higgler  is  its  conductivity  and  higher  is  the 
.necessary  energy  to  destipy  itS_st^cture. 

Th(s  explafns  the  tight  relationship  existing 
between  erosion  resistance  and  density.  However 
we  see  on  figure  24  that  some  points  much  diverge 
from  the  straight  line  erosion  =  f  (density). 

It  means  that  this  above  correlation  is  not  riqo- 
rous. 

We  can  suppose  with  these  first  results  that  in 
fact  the  different  sepcarbs  families  don’t  behave 
on  the  same  way  in  erosion.  To  Improve  the  eroslcn/ 
density  correlation  we  have  been  led  to  take  into 
account  some  scale  1  tests  results. 

Two  types  of  correction  tor  these  last  results 
must  be  considered  : 

-  density  gradients  in  the  parts 

-  firing  fests  parameters 

After  corrections,  and  for  the  same  condllions,  we 
could  set  up  the  correlations  shown  In  the  fiquro 

25. 

CORRELATION  EROSION  -  DENSITY  ^Ig  25 

All  firing  t«st$  (  r«duc«d  scale  •  scale  1  ) 


These  results  confirm  that,  for  a  given  density, 
the  different  considered  sepcarbs  types  don't 
behave  in  the  same  way  in  erosion  and  show  us  that 
we  have  much  to  do  to  perfectly  control  the  laws 
giving  the  erosion  resistance  of  sepcarbs.  Proba¬ 
bly  parameters  such  as 'nature  and  percentage  of 
fibers  and  matrix,  total  porosity,  pore  sizes  and 
distribution  have  also  an  Influence  on  erosion 
resistance  of  sepcarbs  ;  so  it  seems  that  into  the 
same  sepcarbs  family  the  erosion/density  correla¬ 
tion  is  not  so  rigorous  that  our  expose  supposes 
it.  However,  because  of  the  tight  links  between 
parameters  above  and  density  we  can  consider  that 
these  erosion/density  correlations  for  the  diffe¬ 
rent  sepcarbs  families,  even  If  they  give  an  ap¬ 
proximative  idea  of  reality,  are  an  interesting 
characteristic  of  these  materials  and  a  good  guide 
to  use  them  In  the  nozzles. 


4*3.  External  insulation  materials 

The  use  of  sepcarb  in  exit-cones  nozzles  of  apogee 
boost  motors  has  a  single  disadvantage  linked  to 
the  therma  I  conductivity  of  the  material,  i.e  a 
too  important  overheating  of  the  external  face  of 
these  exit-cones  which  is  not  acceptable.  Then  it 
is  necessary  to  insulate  these  exit  cones  to 
reduce  dramatically  their  external  temperature. 

So  we  first  used  carbon  felt,  which  conductivity 
is  0.05  Kcal/m.h°C  at  room  temperature  and  0.15 
Kcal/m.h  C  at  1000  °C.  Carbon  felt  pieces  were 
sewed  and  bonded  to  the  exit  cone  sepcarb  with  a 
graphite  adhesive  able  to  withstand  at  high  tempe¬ 
rature.  This  solution  presented  two  main  draw¬ 
backs  : 

-  carbon  felt  burns  with  oxygen  at  low  temperature 
(It  was  the  case  during  firing  tests  in  atmos¬ 
phere), 

-  emissivity  of  carbon  felt  i  s  h igh,ch ief  ly  in 
front  of  I  hr;  sewing. 

That  is  why  wo  made  efforfs  to  develop  an  insula- 
lion  with  s  i  I  i  I  a-a  I  urn  I  nn  fibers  the  fhorma  I  con¬ 
ductivity  n|  whicti  helrrg  Iran  0.05  Kca|/rn.h."(;  at 
rocjfn  tempOfnliirM  and  ().]  '>  Kcal/rn.h."C  at  lOOO^C. 
This  type  ol  materia  I  which  may  bo  continuously 
used  till  1400  is  bonded  to  the  exit  cone  sep¬ 
carb  with  a  refractory  cement  which  hardens  in  the 
air. and  withstands  till  1260  °C  in  permanent  duty. 


Tests  with  a  propane/oxygen  gas  torch  able  to 
increase  the  sepcarb  exit  cone  temperature  up  to 
1650  ®C  have  shown  that  the  external  face  tempe¬ 
rature  can  decrease  to  about  150  °C  with  12.5  mm 
and  40  °C  with  25  mm  of  this  insulation  and  that 
on  the  other  hand  the  binding  between  exit-cone 
and  insulation  was  satisfactory. 

This  type  of  material  which  is  non  flammable  and 
has  a  very  low  emissivity  has  been  definitively 
chosen  to  replace  carbon  felt.  It  has  one  single 
inconvenient  in  comparison  with  carbon  felt  :  a 
lightly  higher  specific  gravity  ;  128  kg/m3  ins¬ 
tead  of  90.  , 

During  the  firing  tests,  in  nominal  conditions,  an 
important  i  nr  cjnvon i ent  was  discovered  for  bofh 
carbon  fibers  and  silica  alumina  fibers.  If  Is 
their  weak  power  to  filtrate  under  vacuum  the  IR 
radiation.  To  improve  this  characteristic  we  have 
developped  "sandwich-materia  Is".  The  insu  lation  Is 
made  now  with  layers  of  silica-alumina  fibers  and 
aluminum  sheets.  The  tests  show  that  this  new  in¬ 
sulation  is  totally  satisfactory.  In  deve I  opping 
this  new  insulation  we  were  conducted  to  use  low 
specif,  gravity  silica-alumina  fibers  (96  kg/m3 
instead  of  128)  that  suppresses  the  only  inconve¬ 
nient  of  this  kind  of  insulation  compare  to  the 
carbon  fe It. 

Advantages  of  carbon-carbon  materials 

These  advantages  may  be  summarized  as  follows  : 

1)  Great  heat  of  ablation,  can  be  greater  than 
20  000  Kcal/kg. 

2)  Good  ratio  of  mechanical  resistance/density. 

3)  Improvement  of  the  mechanical  resistance  at 
high  temperatures. 

4)  Good  resistance  to  thermal  shock. 

5)  Low  coefficient  of  expansion. 

6)  Low  thermal  conductivity. 

7)  Ability  to  control  the  erosion  resistance  by 
appropriate  selection  of  materials. 
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Item  7*  deve lopped  above  is  the  principal  advanta¬ 
ge  of  the  carbon-carbon  materials  in  comparison 
with  other  rocket  nozz  les  mater ia Is  which  shall  be 
compared,  type  by  type^as  follows  : 

Low  density  carbon-carbon  and  phenolic  composites 

Phono  I  j  I  compos  i  tes  an;  unstab  I  e  mater  i  a  I  s  wfi  i  ch 
decompose  at  low  temp»;rafure  and  consequently  have 
thermomochani f  a  I  proporfios  for  which  the  ch.inqo 
with  temperature  is  not  oa-^jjy  controlled,  lln.'reby, 
the  use  of  the  materia  Is  in  rocket  nozzles  leads  to 
design  wtiose  performance  is  not  easily  calculated. 

The  erosion  behaviour  of  composite  materials  and 
particularly  the  phenolic  composites,  depends  on 
their  state  of  stresses.  This  state  of  stresses  in 
a  nozzle  durltig  firing  is  due  to  forces  caust;d  by 
the  Internal  pressure  and  the  thermal  expansion  of 
the  materials.  The  stresses  due  to  thermal  expan¬ 
sion  are  generally  the  most  critical  in  a  nozzle 
design,  depending  not  only  upon  time  temperature 
parameters,  but  also  upon  effects  of  chemical  re¬ 
actions  on  thermal  expansion.  Influence  of  the 
state  of  stresses  of  phenolic  composites  of  their 
ablation  resistance  has  been  measured.  We  have 
shown  for  example  that  the  erosion  rate  of  a  phe¬ 
nol  i  c  graph  i  te  composite  can  vary  of  more  than 
depending  upon  its  state  of  stresses. 

This  phenomenon  of  variation  of  erosion  due  to 
the  effect  of  stresses,  particularly  those  due  to 
the  decomposition  gases  of  the  resin  (composite 
matrix)  of  phenolic  composite,  is  greater  wifh  the 
phenolic  carbons,  less  conductive,  and  resu  I  f  in 
very  irregular  erosion  pattern  (with  big  cracks), 
for  these  reasons  such  materials  are  not  good  for 
critical  areas  in  the  nozzle  flamefront. 

These  rosulls  show  that  it  is  difficult  to  do-. ing 
a  nozz le  us i ng  phenol ic  composites  as  flamofronf 
materials,  (t  is  better  when  the  performance  re¬ 
quirements  for  the  materials  are  relatively  low, 
at  the  level  of  phenol  ic  graphites,  to  use  ther-.i^ 
ma  I  !y  stable  materia  I  with  easi )y  measured  thermo¬ 
mechanical  characteristics  at  any  temperature. 

Such' vis  the  case  for  low  density  carbon-carbon 
materials. 

The  use  of  such  materials  simplifies  nozzle  design 
enabling  Improved  design  calculations  to  be  prepa¬ 
red  giving  more  reproduc i b le  resu  Its  because  of  the 
narrow  connection  between  density  of  these  materi¬ 
als  (controllable  characteristic)  and  their  abla¬ 
tion  resistance. 

Intermediate  density  (about  1.8)  carbon-carbons 
and  polycr i sta t  I i n  graphite 

Among  the  best  known  advantages  of  the  carbon- 
carbon  materials,  are  noted  : 

1)  For  the  same  erosion,  resistance,  their  mecha¬ 
nical  properties  and  their  f'osi stance  to  Ther- 
ma  )  stresses  are  greater  than  those  of  graph  lies 

2)  For  some  of  these  materials,  the  rupture  mode 
is  ductible  compared  with  the  brittle  rupture 
mode  for  graphites. 

However,  it  has  been  shown  that  for  a  same  mean 
density,  the  erosion  resistance  of  a  carbon- 
carbon  material  was  greater  than  that  of  a  poly- 
cristal  ITn. graphite. 


High  density  (more  than  1.9)  carbon-carbon  and 
pyrolytic  graphite 

In  mentioning  this  type  of  carbon-carbon  materials 
it  is  the  multidirectional  textures  densified  un¬ 
der  high  pressures  which  reach  densities  closed  or 
greater  than  2.0  which  are  mainly  cons i dered. These 
materials  which  have  given  until  now  the  best 
results  among  1  he  sepcarbs  present,  compare  to  the 
PG,  the  following  advantages  :  improved  isotropy, 
low  expansion  coefficient  in  the  C  direction  and 
capability  lo  manufacture  large  sizes  and  great 
thicknesses.  These  materials  have  already  revo¬ 
lutionized  the  nozzles  design  by  an  extreme  sim- 
p 1 1 f I  cat  I  on . W i t h  these  mater i a  I s  the  nozzles  ero¬ 
sion  is  more  regular  and  reproducible,  therefore 
their  pertormance  is  better  than  those  which  use 
P.G. 

5.  FUTURE  TRENDS  AND  CONCLUSION 

It  has  been  shown  in  this  paper  how  much  the  noz¬ 
zles  design  of  apogee  boost  motors  have  changed 
during  the  last  10  years,  thanks  to  the  sepcarbs 
development.  We  have  particularly  insisted  on  the 
narrow  relationship  between  the  density  of  a  car¬ 
bon-carbon  material  and  its  erosion  resistance. 

This  principal  Characteristic  together  with  their 
physical  and  thermomechanical  properties  explain 
that  the  carbon-carbons  are  the  optimum  materials 
for  nozzle  flamefronts,  whatever  the  performances 
of  these  nozzle  might  be.  Most  part icu lar  ly  for 
each  range  of  performances,  the  measured  or  poten¬ 
tial  superiority  of  these  materials  has  been  shown 
when  compared  with  more  classical  materials  : 
phenolic  graphite  composites,  po I ycr i sta  I  I  j n  gra¬ 
phites,  pyrolytic  graphite.  Now  it  Is  necessary  to 
perfect  our  understanding  In  the  field  of  erosion 
resistance  of  Ihese  materials  in  order  to  obtain 
more  preclsi^  re  I  at  I  onsh  I  ps  than  those  stated  in 
this  paper  and  to  Improve  these  materials. 

These  sepcarbs  can  be  improved  in  different  ways  : 

For  sepcarbs  2D  ‘ 

“  in  utilizing  resins  with  chars 

-  in  improving  the  CVD  process, 

-  in  control  I  iing  much  better  the 
resistance  fibers. 

For  sepcarb  nP 

-  in  utilizing,  in  certain  cases,  5D  and  6D  to 
mechanically  reinforce  one  or  several  direc¬ 
tions  in  the  materials. 

For  a  1 1  these  sepcarbs  an  other  way  to  improve 
them  is  to  put  in  their  matrices  ultrarefractory 
products.  The  main  known  improvements  are  : 

-  higher  mechanical  properties, 

-  a  better  oxydation  resistance  at  high 
temperatures. 

These  proven  improvements  are  the  results  of  seve¬ 
ral  years  of  research  and  development  In  SEP.  They 
permit  To  im.igino  now  nozzles  witfi  improved  per¬ 
formance  in  utilizing  a  •’free  standing”  architec¬ 
ture  or  d.'ployable  exit  coho.  The  weight  reduct  I  ext 
of  the  submerged  part  of  the  nozzle  and  the  incre¬ 
ase  of  the  expansion  ratio  permit  a  tig  increase 
of  the  specific  impulse.  These  two  important  chan¬ 
ges  in  the  design  of  the  nozzles  having  being  al¬ 
ready  successful  ly  tested  by  SEP  we  can  hope  in 
the  future  to  improve  again  the  propulsion  of  the 
apogee  boost  motors  thanks  to  the  development  of 
the  sepcarbs. 


more  performant, 
use  of  high 


||S«>«1449 
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ABSTRACT 


RrV-S  6.)  I  IS  (I  (lownl)lc',  at  room  t  enm- 
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Keywords:  RTV-S  691  silicone  rubber, 
addition  curing  system,  processing, 
properties,  bonding. 


1.  INTRODUCTION 

Wackor-Cbemie  and 

At{j  TELfcMJNKEN  n  silicone  adhesive  was 
developed  which  is  suitable  for  space 
applications  and  especially  for  the 
bonding-  of  solar  cells  to  the  suppor¬ 
ting  structure  (Ref.  1  and  2).  This 
adhesive,  RTV-S  691,  is  a  flexible 
material  and  represents  a  room  tem¬ 
perature  curable  RTV-2  silicone  rub¬ 
ber.  It  is  characterized  by  the  follow 
ing  properties: 


It  remains  flexible  at  very  high  and 
very' low  temperatures  which  enables 
It  to  balance  different  thermal  ex¬ 
pansions  and  cohlractions  of  solar 
cell  and  structure. 

It  has  a  very  low  content  of  volatile 
components. 


Bonding  on  various  substrates  is  ob¬ 
tained  by  usiiv;  Primer  G  790. 


2.  TIIK  ADDITION  CUIMNG  SYSTEM 


Viu  ioiiH  CT'ossI  ink  ing  systoins  are 
appl  ied  in  I  he  field  of  HIM -2  s i I i - 
cone  rubber;  the  most  important  ones 
are  the  so-called  condensation  cure 
addition  cure. 

KIV-S  691  is  an  addition-curing  RTV-2 
silicone  rubber.  Addition  cure  was 
chosen  because  it  offers  man  advan- 
tages  compared  to  condensation  cure. 


an  important  advantage  of  the  addit- 
lon-curing  RTV-2  silicone  rubber  is 
that  during  cure  no  decomposition 
products  are  evolved.  So  there  is  no 
need  for  post -treatment  of  the  mat¬ 
erial  in  order  to  remove  volatile 
components,  as  for  instance  open 
storage  at  room  temperature  or  at 
elevated  temperatures.  Besides  that 
the  shrink  is  very  low.  Linear  shrink 

were  measu¬ 
red  at  23  C.  Furthermore  there  is  no 
influence  of  volatile  components  on 
other  malcrials  which  would  cause  a 
change  of  tlieir'  properties. 


A  further  advantage  of  addition- 
curing  RIV-L!  silicone  raibber  is  that 
in  the  curing  reaction  the  flexible 
product  is  formed  exclusively. 
The  reaction  is  definite,  a  reverse 
reaction,  for  example  upon  thermal 
stress,  IS  not  possible.  Therefore, 
there  is  no  danger  of  reversion.  A 
practical  consequence  of  this  fact 
is  that  heat  cure  is  also  possible, 
that  the  film  thickness  must  not  be 
considered,  and  furthermore,  that 
the  material  can  also  be  cured  in 
absolutely  sealed  systems. 


A  further  aspect  is  the  catalyst 
quantity  which  is  very  small  with 
addition-curing  RTV-2  silicone  rub¬ 
ber.  The  concentration  of  the  platin¬ 
um  catalyst  it  contains  is  about 
10  ppm.  Since  the  catalyst  may  migrate 


Piwivdm^s  (>l  (in  ES  I  Sympiniimn  on  Spncmaji  Mdlciidls.  held  ni  rST EC.  2-5  Odohee  I97<; 
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to  the  border  area  of  the  vulcanizate 
and  cause  negative  effects,  the  lowest 
possible  concentration  is  of  advantage. 

A  further  feature  is  the  fact  that  addit¬ 
ion-curing  RTV-2  is  absolutely  harmless 
to  handle  and  therefore  requires  no 
special  safety  precautions  for  processing. 


rs.  PR(X:ESS1NG  AND  cure  ok  rtv-s  goi 

Adhesive  RTV-S  691  is  a  pourable  rubber. 
Both  components  A  and  B  are  liquids. 

The  A-component  is  a  filler/polymer 
compound.  Since  the  filler  may  settle 
at  storage,  component  A  must  be  stirred 
prior  to  processing  in  order  to  obtain 
a  homogenous  compound.  The  B-component 
solely  consists  of  a  polymer  and  does 
not  contain  any  fillers. 


Both  components  A  and  B  are  mixed  at  a 
weight  ratio  of  9:1.  Air  bubbles  which 
may  form  during  stirring,  can  be  re¬ 
moved  preferably  under  reduced  press¬ 
ure. 


Cure  starts  as  soon  as  both  components 
have  been  mixed  together  which  is  indi¬ 
cated  by  a  raised  viscosity.  As  working 
time  the  period  of  time  is  defined  within 
which  the  viscosity  at  23  C  rises  to 
200,000  mPa.s;  which  is  within  a  range 
of  90. . .110  minutes.  (Fig-  1) 


Viscosity  [mPa  s] 


Here  must  be  considered  that  the  vis¬ 
cosity  increase  and  consequently  the 
working  time,  are  highly  influenced 
by  the  temperature.  A  temperature  in¬ 
crease  of  l^C  reduces  the  working  time 
for  about  10  a  temperature  decrease 

of  vC  extends  the  working  time  for 
about  10  %. 

By  adding  a  so-called  inhibitor,  the 
working  time  may  be  extended;  thus  a 
working  time  of  6  or  more  hours  is 
possible. 

The  material  may  not  only  be  cured  at 
room  temperature  but  also  at  elevated 
temperatures.  By  raising  the  temperature 
the  curing  con  be  significantly 

reduced  (Fig-  2). 
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Adhesive  RTV-S  691  is  a  very  durable  pro¬ 
duct.  There  is  no  change  to  observe  in 
viscosity  and  curing  performance,  even 
after  prolonged  storage.  That's  why  a 
storage  life  of  one  year  is  guaranteed. 

4.  PROPERTIES 

^  A  special  property  of  adhesive  RTV-S  691 

is  its  low  outgassing  rate.  This  low  out- 
gassing  rate  is  necessary  to  avoid  con¬ 
tamination  of  solar  cell  cover  glasses, 
which  would  reduce  the  energy  yield.  The 
values  were  measured  by  ESTEC.  The  follow¬ 
ing  rates  were  established: 

TWL  (total  weight  loss):  0.27-0.47  % 

VCM  (volatile  condensable 

material):  0.05-0.10% 

Another  special  property  of  RTV-S  691  is 
its  ability  to  retain  the  flexibility 
even  at  low  temperatures.  The  brittle 
point  is  at  -lOl^C.  Young's  Modulus  is 
approx.  1.4  N/rnm^  in  the  range  of  noo’U: 
to  -lOO^^C  and  increases  at  temperatures 
below  -lOOOC  to  about  9000  N/mm^. 

The  thermal  coefficient  of  expansion  of 
RTV-S  691  is  2  X  10“"V  deg  above  and 
4  X  10~^^  below  the  brittle  point . 

The  mechanical  property  values  (Fig.  5) 
as  for  instance  Shore  A,  elongation  and 
tensile  strength  are  typical  for  RTV-2 
silicone  rubber.  Equally  typical  is  the 
electrical  insulating  effect,  which  is 
for  example  indicated  by  the  high  reading 
for  volume  resistivity.  It  is  remarkable 
that  the  electrical  properties  only 
slightly  depend  on  the  temperature. 

viscosity  of  component  A  (23°C);  55 000 -70 000m Pa-s 
viscosity  of  component  B  (25®C):  200-240  mm^s 
mixing  ratio  component  A /component  B 
(by  weight):  9/1 

viscosity  of  the  mixed  components  ( 23°C ) : 

18000 -26000mPas 

working  time  (23®C) :  SO-llO  minutes 

total  weight  lost:  0,27-0,47*/. 

volatile  condensable  material:  0,03“ 0,10*/»  ' 

density:  1,41  *1,43  g/cm^ 

hardness  shore  A:  50-60 

tensile  strength:  4, 0*6,0  N/mm^ 

elongation:  100-160*/* 

r  youngs  modulus  at  23®C  :  1,33-1,53  N/mm 
brittle  point  :  -  104°C 
volume  resistivity  :  10^^  Ohm  •  cm 


Fig.  3:  Some  typical  properties  of 
RTV-S  691 


We  especiajjy  checked  the  heat  stabi¬ 
lity  and  the  mechanical  properties, 
i.e.  Shore  A,  elongation  and  tensile 
strength  after  storage  at  ISO^C  (Fig.  4). 
Initially  there  are  relatively  insigni¬ 
ficant  changes.  However,  the  values 
stabilize  with  increasing  storage. 

Tensile  strength  Hardness  Shore  A 

I  N/mm]  or  Elongation  Iv.  ] 


5.  BONDING 


The  stability  of  the  addition-curing 
rubber  RTV-S  691  is  based  on  the  fact 
that  only  a  small  content  of  reactive 
chemical  groups  remains  in  the  network 
of  the  cured  material.  The  consequence 
however  is  its  poor  capability  of  ad¬ 
hering  to  other  substrates.  Therefore 
it  is  essential  that  a  primer  be  used 
when  RTV-S  (>91  Is  applied  as  an  adhesive. 
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Therefore,  two  operations  are  necessary: 

1*  Treatment  of  surface  with  a  primer. 

2.  Application  and  cure  of  the  rubber. 

Primer  (1  790  has  proven  quite  successful. 

G  790  is  a  liquid  which  is  applied  on  the 
surface  of  the  substrate  in  a  thin  layer 
by  dipping,  spraying  or  brushing.  After 
drying  for  1  hour  at  room  temperature, 
the  solvent  has  evaporated  and  n  thin  re¬ 
sin  film  has  formed.  Subsequently  the  si¬ 
licone  rubber  is  poured  and  cured. 

In  order  to  establish  the  qualification 
of  irrV-S  69  the  bonding  properties  in 
connection  with  primer  G  790  were  tested 
quite  extensively.  At  this  the  bond  with 
materials  like  glass,  aluminum,  polyester- 
coated  Kapton,  solar  cell  silver  etc. 
was  tested.  Besides  that  the  test  speci¬ 
mens  were  exposed  to  the  following  cond¬ 
itions: 

1000  thermal  cycles  (+100/- 180^0 ) ; 
high  temperature  storage  (+200®C,  50  h) ; 
humidity  storage  (+60®C,  96  h,  over 
95  %  rel.  humidity). 

When  peel  tests  were  performed  to  check 
the  bond,  it  was  found  that  the  rubber 
could  only  be  peeled  off  the  substrate 
by  destroying  the  rubber.  This  indicates 
that  the  bond  is  strongei*  than  tlie  mech¬ 
anical  strength  of  the  rubber. 


Further  bonding  tests  were  performed  on 
various  plastics  (acrylate,  epoxide, 
polyester,  polyurethane  resins)  and  metals 
(iron,  steel,  copper,  zinc)  with  positive 
results.  It  was  found  that  occasionally 
bakjng  of  the  primer  (10  minutes  at  100- 
150  C)  is  preferable  to  drying  at  room 
teinpei'atui'e  to  obtain  better  bonding  to 
metal. 

6.  CONCLUSION 

RTV-S  691  w£is  developed  for  a  special 
application  ,  that  is  bonding  of  solar 
cells  to  the  structure.  This  application 
called  for  special  product  properties  of 
viscosity,  Shore  A,  elongation  or  Young's 
Modulus  etc.  These  properties  can  be 
varied  within  an  extensive  range  Should 
thivS  be  essential  for  the  solution  of 
other  application  problems. 
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ABSTRACT 

Ball  bearings,  lubricated  with  MoSo  lubricated 
grease,  and  test  run  at  lOO  rpm  and  10“^  torr 
have  been  examined  after  running  periods  of 
13,000  to  50,000  hours,  C^e  pair,  having 
miniJiium  lubricant  levels  showed  an  increase  in 
torque  during  the  test,  and  analysis  showed 
extensive  diemical  modification  to  the  lubricant. 
In  contrast  the  second  two  pairs  of  bearings 
v^ich  had  been  lubricated  with  an  excess  of  the 
same  gr^e  ran  for  38,000  and  50,000  hours 
respectively.  No  chemical  degradation  was  found 
and  the  bearings  were  in  near  perfect  condition. 
The  role  of  the  MoSp  under  the  conditions  of  this 
test  is  questioned  in  the  light  of  the  results 
obtciined. 

Keywords:  Lubrication,  Space  Conditions, 
Moli^xaenum  Disulphide,  Ball  Bearings. 


1.  INTRODUCTION 

As  part  of  the  continuing  prograirme  of  techno¬ 
logical  research,  the  Space  r^schanism  Group  at 
ESTEC,  placed  a  contract  (No.  763/69  AA)  on  The 
Marcoii  Company  Ltd.,  Space  and  Defence  Division. 
Part  of  this  contract  called  for  the  design  and 
construction  of  bearing  test  rigs  to  simulate 
space  conditions  for  the  life  testing  of  lubri¬ 
cants  for  antenna  despin  bearings.  The  basic 
requirement  of  the  test  programne  was  to  corpare 
the  two  main  lubricant  techniques  available  for 
this  application,  namely  dry  metal  coated  and 
grease  lubricated  bearings.  A  possible  variant 
of  the  organic  lubricant  technology,  a  capillary 
feed  oil  reservoir,  was  not  included  in  the 
programme. 

Details  of  the  irechanical  design  of  the  test  rigs, 
the  testing  conditions,  and  the  results  obtaincxl 
are  contained  in  Contractor  Report  ESRD  C.R.  91. 

As  the  M)SD  results  began  to  accrue  the  need  arose 
for  the  'surface  chemical'  examination  of  bearings 
which  had  either  been  rejected  at  an  intentediate 
stage  in  the  tests,  or  had  conpleted  the  intended 
life  period. 


This  work  was  carried  out  under  ESTEC  contracts, 
by  The  Materials  Science  Group  of  British 
Aerospace,  Stevenage  (previously  British  Aircraft 
Corporation) .  This  small  laboratory  situated 
within  Precision  Products  Group  had  built  up  the 
facilities  and  experience  essential  to  the 
support  of  the  Company 's  own  defence  contracts  in 
the  instrument  development  and  manufacturing 
field,  and  we  were  pleased  to  assist  ESTEC  in 
their  work. 

Owing  to  the  protracted  time  scale  of  the  tests, 
the  M.S.G.  bearing  examinations  also  spanned  a 
considerable  length  of  tine.  The  first  pair  of 
bearings  was  reported  on  in  May  1975  (1) ,  the 
second  pair  in  July  1977  (2)  and  the  third  and 
final  pair  in  January  1978  (3)  .  Furthermore  the 
first  report*  described  the  results  of  the  first 
pir  of  bearings,  and  the  irrplications  therefrom 
in  isolation,  and  it  was  not  until  all  three  sets 
of  bearings  had  been  examined  that  a  better 
overall  picture  emerged.  This  paper  therefore 
provides  a  useful  opportunity  to  descrJJae  the 
work  in  its  entirety,  and  consequently  to 
present  a  better  surnBary  than  might  be  obtained 
from  a  study  of  the  three  individual  reports, 

2.  TECHNICAL  DESCRIPTION  OF  BEARINGS 

All  the  bearings  were  of  the  same  type,  manu¬ 
factured  by  the  Fafnir  Bearing  Corporation 
(catalogue  No.  3MM  9112  Wl/CR)  as  specified 
below: - 

Semi  seperable  type 
250  contact  angle 
60  irm  bore 

95  mn  Outer  diameter 
18  im  width 

Ball  ooTplement  19  (single  row) 

Ball  diameter  10.31  mm 
Retainer:  One  piece  fabric 

reinforced  phenolic  resin 
R.ing  and  ball  material:  vacuum 
degassed  521.00  steel 

Each  U‘st  rig  conlnlned  four  Ideijntical  tearings, 
and  Uk'  desJcjn  of  Uie  rig  was  such  that  two  of 
the  boaringr;  carried  coiTbined  axial  and  radial 
load,  and  two  radial  loads  only. 

*  Ihis  repf.)rt  provided  tlie  basis  for  a  previous 
presentation  by  the  Auttior  at  the  First  Space 
Tribo.lrxjy  Conference  in  Frascati  in  April  1975. 


PnHVtuiinfis  oj  an  PSA  Symposium  on  Spacrcrafl  Materials.  Iwhl  at  ESTFX',  2-5>  Orioher  1979  PSA  SP-\45  {Dccemhrr  1979). 
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In  all  of  the  tests  the  axial  and  radial  loads 
were  the  same  at  40N,  and  the  rotational  speed 
was  100  r.p.m.  In  each  case  one  bearing  with 
radial  load  and  with  radial  and  axial  load  was 
submitted. 

3.  EXMIINATION  OF  THE  FI  PST  BEARING  PAIR 

This  set  ccrprised  bearing  no.  19  (axial  and 
radial  loads),  and  bearing  no.  21  (radial  load 
only) .  Bach  had  been  lubricated  with  minimun^ 
levels  (100  Trtg)  of  BR2-S,  tlolybdenuni  Disulphide 
loaded  grease,  and  the  retainers  had  been  preim¬ 
pregnated  with  approximately  50  mg  of  lubricant 
base  oil. 

The  test  had  been  run  at  oi^bient  teirperature  and 
10-^’  torr.  The  initial,  satisfactory  period  o1 
the  test  was  9(XX)  hours  (one  year  orbital,  life') 
but  on  oontinutat.ion  of  the  test,  tJio  ctrrbined 
torque  of  Uie  four  bear  ijigs  in  the  test  rig  ros{’ 
sharply  and  the  test  was  discontinued  after  13,(XX) 
j^ours  (one  year  five  montlis  orbital  life) . 

3.1.  Laboratory  Examination 

A  standard  sequence  was  established  for  tJie 
bearing  examination  as  follows;-* 

(a)  Preliminary  low  po//er  examination  and  macro— 
^otography. 

(b)  Controlled  disass^ly. 

(c)  Detailed  microscopy  and  micro-t^otography 
of  bearing  raceways,  ball  surfaces  and  retainers. 

(d)  Micro  infra-red  spectrophotometry  of  lubri¬ 
cant  residues. 

(e)  Methylation  gas  chromatography  of  lubricant 
residues. 

3.2.  Description  of  Results 
Wi^ical  Exanvlnation 

(The  nost  significant  changes  to  tlie  lubricant 
had  occurred  in  bearing  no.  19  which  had  r\m  with 
a  CQnt)ined  axial  and  radial  load,  and  thus  to 
simplify  the  description,  the  results  are  confined 
to  this  bearing)  . 

Both  inner  and  outer  raceways  carried  a  viscous, 
apparently  non-wetting  residue  of  lubricant.  At 
higher  power  the  non-wetting  nature  of  the 
lubricant  was  shown  by  the  fact  that  regions  of 
the  surface  film  disturbed  by  bearing  disassembly 
did  not  re-spread  over  the  bearing  surface, 

(Figure  1) . 

A  small  sanple  of  lubricant  residue  removed  from 
the  inner  track  and  examined  as  a  thin  film^in 
light  transmission  microscopy  shewed  none  of  the 
features  of  the  unused  grease.  Instead  of  the 
birefringent  particles  of  soap  thickener  and 
characteristic  lanellar  particles  of  the  disulph¬ 
ide,  the  'worked'  lubricant  in  the  racev/ays 
showed  an  array  of  barely  resolvable  particles  of 
>bS2  and  no  thickener. 


1^.1  pure  1.  Ntodified  Lubricant: 

Track  of  Bearing  19 


Dali  contact  with  the  retainer  pocket  had 
produced  a  hi<jhly  characteristi.c  witness  (Figure 
2) .  This  consisted  of  grey  relatively  greasy 
zones  on  either  side  of  an  inner  dark  brown  ■. 
polished  zone,  which  varied  in  width  due  probably 
to  small  variations  in  ball  pocket  geometry. 


Figure  2.  Retainer  Ball  Pocket 
Witness:  Bearing  19 


3.3.  Cherrdcal  Examination  of  Lubricant  Residues 

3-3-1-  Infra-red.  The  coiiplete  list  of  infra-red 
spectra  obtained  in  this  phase  of  the  work  is 
sho/m  in  Table  I. 


Table 

I.  IR  Spectra  from  Lo/;  Level 

BR2S  Grease  Bearings 

IRl 

BR2-S 

Grease  (unused) 

(thin  film) 

IR2 

BR2-F 

Grease  (unused) 

(KBr  niLcrodisc) 

IR3 

BR2-S 

Base  oil 

(thin  film) 

IR4 

DPx2-S 

Base  oil 

(KBr  microdisc) 

IR5 

Nylon 

Reserv^oir  oil 

(tliin  microfilm) 

> 
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Table  I.  continued 

IR6 

Oil  from  100  rpm  rig  end- 
flange 

(thin  microfilm) 

IR7 

Outer  land  Bearing  19 

(microdisc) 

IR8 

Inner  track  Bearing  19 

(microdisc) 

IR9 

Ball  deposit  Bearing  19 

(microdisc) 

IRIO 

Brown  deposit  from  ball 
pockets  Bearing  19 

(microdisc) 

IRll 

Grey  deposit  from  ball 
pockets  Bearing  19 

(microdisc) 

IR12 

Outer  land  Bearing  21 

(microdisc) 

IR13 

Inner  track  Bearing  21 

(microdisc) 

IR14 

Ball  deposit  Bearing  21 

(microdisc) 

IR15 

Brown  deposit  from  ball 
pockets  Bearing  21 

(microdisc) 

IR16 

Grey  deposit  from  ball 
pockets  Bearing  21 

(microdisc) 

Itie  IR  cxiTpositional  changes  seen  are  clearly 
shewn  in  Figure  3  which  contain  a  gix>up  of  five 
of  the  IR  spectra  listed  In  Table  I.  A  was 
^tained  from  a  static  unworked  grease  sanpie 
fran  ^e  land  of  bearing  19,  and  was  virtually 
Identical  with  a  spectrum  of  unused  grease, 
except  for  a  sli^tly  increased  relative  abundance 
of  ^ickening  agent  (sharp  bands  1585  and  1565 
)  due  to  evaporative  loss  of  base  oil  fract¬ 
ions.  In  contrast  spectrum  B,  of  worked  sairples 
f ran  the  raceways  of  bearing  19  shows  almost 
total  loss  of  thickening  agent  and  considerable 
de^adatiai  of  the  hydrocarbon  CH  deformation 
bands  near  1400  cm“  .  The  retainer  ball  pockets 
from  bearing  19  provided  the  sairples  for  IR  D 


Figure  3.  Micro  IR  of  Bearings  19 
and  21  Residues 


and  E  ,  In  tliis  pair,  curve  D,  from  the  grey 
grease  residues,  shows  an  enhancement  of  the 
thickening  ag^t,  whilst  the  central  brown  witness 
curve  E  exhibits  the  same  degradation  effects 
found  in  the  bearing  tracks. 

Gas  chromatography.  The  coiposition  of 
BR2-S  grease  was  given  as  85%  mineral  oil,  3.5% 
ester  oil,  9%  lithium  soap  thickening  agent  and 
3%  molitdenum  sulf^ide  (%  w.w.)  .  Since  the  fatty 


Table  II .  Relative  Fatty  Acid  Abundance 
in  BR2-S  Grease 


FATTY  ACID 

FROM 

ESTER 

FROM 
Li.  SOAP 

%  FATTY 
ACID  IN 
GREASE 

RELATIVE 
ABUNDANCE 
IN  GREASE 

Laurie 

C12 

0.60 

0.00 

0.60 

4.76 

^^ristic 

C14 

1.00 

0.09 

1.09 

8.65 

Palmitic 

C16 

1.72 

0.72 

2.44 

19.4 

Stearic 

C18 

0.16 

1.17 

1.33 

10.6 

Oleic 

C18 

0.12 

0.27 

0.39 

3.10 

Linoleic 

C18 

0.00 

0.27 

0.27 

2.14 

12  Hydroxy 

C18 

0.00 

6.48 

6.40 

51.4 

btearic 

TOTAL 

3.60 

9.00 

12.60 

100.05 

Table  III.  Relative  Abundancies  of  Major 
Fatty  Acids  in  Bearing  Samples 
and  Unused  Lubricants 


*  Sanpie  consisted  of  running  debris 
not  unused  grease 
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Figure  4.  Gas  Chranatogran's  of  residues 
from  Bearings  19  and  21 


acid  conposition  of  both  the  ester  oil  carrponent 
and  the  thickening  agent  were  known  in  detail, 
the  final  fatty  acid  distribution  and  relative 
abundancies  in  the  v^ole  grease  could  be 
calculated. 


Free  fatty  acids  and  fatty  acid  derivatives  such 
as  higher  esters  are  not  ideal  subjects  for  gas 
chro^xMoqrayiyy  owing  to  their  low  vapoiu' ^r.sure . 
Fattv  acid  scx^ps  are  coipletcly  non-vr^latHo. 
Howe'\A.M-,  if  tJie  frattry  acids  aiv  convt^rtod  lo  nothy]. 
ester  derivatives,  gcxxi  separat  ion  .uid  detect  ion 
can  be  achieved  in  sensible  times,  using 
reasonable  column  tenperatures . 


Using  a  micronethylation  technique ,  which  converts 
any  fatty  acid  derivative  into  the  corresponding 
methyl  ester,  the  fatty  acid  distribution  in 
lubricant  sanples  taken  from  various  locations 
within  the  bearings  was  determined. 

The  results  obtained  are  shown  both  in  Table  III 
and  Figure  4,  which  is  a  composite  of  gas 
chromtograms  of  lubricant  sanples. 


4.  DISCUSSION  OF  l-^ULTS  I’BOM  EXAMINATION 
OF  BEARINGS  19  AND  21  (MINIMUM  BR2-S 
GREASE) 

It  was  obvious  from  tlie  physical  examination  of 
this  pair  of  bearings  that  considerable  chemical 
alteration  of  the  lubricant  had  occurred  during 
test  running  in  vacuum.  These  changes,  which 
were  confined  to  the  worked  lubricant  on  balls 
and  raceways  had  resulted  in  the  formation  of  a 
thick  and  imnobile  product  which  would  explain 
adequately  the  increase  in  running  torque. 

^d-cro-infra  red  analysis  of  samples  taken 
specifically  from  sites  on  the  raceways  which 
showed  tlie  highest  levels  of  physical  changes, 
also  indicated  considerable  ccoipositional  change. 
The  major  characteristic  of  the  IR  of  the  worked 
grease  was  however,  a  loss  of  thickening  agent 
aiich  should  have  caused  a  reduction  in  lubricant 
body  rather  than  the  stiffening  described. 

It  was  in  tlie  metliylation  gas  chromatographic 
analysis  results  that  the  most  dramatic  changes 
were  found . 


As  shown  in  Table  II  above,  the  thickening  agent 
in  BR2-S  grease  was  alnr)st  entirely  lithium  12 
hydroxy  stearate,  and  tliis  acid  therefore  conpri- 
sed  51.5%  of  the  total  fatty  acids  of  the  finish¬ 
ed  lubricant.  In  Table  III  {and  Ficfure  4)  it 
will  be  seen  tliat  metliylation  GC  of  ti^e  unused 
grease  gave  a  result  of  54%  12  hydroxy  stearic 
acid,  in  reasonable  agreaiiTesnt  v/ith  the  theoreti¬ 
cal  figure. 

However,  identical  analysis  of  worked  sanples 
from  tlie  racev/ays  of  bearings  19  and  20  (Table 
III)  showed  that  the  abundance  of  this  acid  fell 
to  very  low  values,  especially  on  the  track 
sanples  (e.g.  bearing  19,  3.3%).  At  the  same 
time  the  abundance  of  Ci8  fatty  acids,  both 
saturated  and  unsaturated  showed  a  very  signifi¬ 
cant  increase  over  the  determined  values  in  the 
unused  grease . 

The  sinple  explanation  that  the  running  lubricant 
in  the  test  bearings,  that  is  the  lubricant 
confined  to  the  surfaces  of  ball  and  raceways, 
had  become  diluted  with  base  oil  by  transfer  from 
the  retainer,  could  not  be  reconciled  with  the^ 
analytical  results  obtained.  Since  the  base  oil 
contained  5%  of  esters,  only  7%  of  which  were 
Ci8  acids,  this  is  the  maximum  abundance  of 
these  acids  which  could  be  reached  even  if  the 
running  lubricant  v/ere  cor^posed  entirely  of  base 
oil  from  tJie  retainer. 

The  interosl  iiki  [x^ssibllity  wan  prr?[y)Bed  HK’rc- 
foi-o,  lhal;  llio  .12  hydroxy  stearic  .irld  in  the 
initial  grease  chr^rge  head  been  decomposed  during 
the  life  test  of  the  bearing,  and  furtlier  that 
this  decomixDsition  had  led  to  tlie  formation  of 
Ci8  deriveatives .  It  was  suggested  that  metal  to 
metal  contact  under  vacuum  was  the  most  likely 
cause  of  tliis  degradation. 

In  addition  to  the  chemical  alteration  to  the 
major  fatty  acid  of  the  thickening  agent  it 
appeared  that  the  lithium  soap  structure  had 
been  lost  and  that  seme  degree  of  lubricant 
polyn\erisation  had  occurred. 


ORIGIi^AL  PAGE  IS 
OP  POOR  QUALITY 
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5,  CXDNCLUSICNS  FROM  THE  FIRST  STAGE 
OF  THE  BEARING  STUDY 

The  results  described  in  surtmary  above,  pointed 
to  the  sljnple  conclusion  that  thin  organic 
lubricants  were  inocanpatible  with  the  space 
envircment.  Lubricant  decorpositiOTi  in  'zero 
ojygen'  conditions  had  been  demonstrated 
previously  (4)  and  these  results  appeared  con¬ 
sistent  with  established  opinion.  The  argument 
in  favour  of  dry,  metal  coated  bearings  appeared 
therefore  to  have  gained  ground  .as  a  result. 

A  further  significant  result  from  this  prelimin¬ 
ary  examination,  was  that  the  moliiDdenum  sulphide 
did  not  appear  to  have  contributed  significantly 
to  the  life  of  the  lubricant. 

C>.  KXA^^INATION  OF  THl*:  SEOM)  PAIlt 
OF  BEARINGS 


During  1977  our  laboratory  received  the  second 
pair  of  bearings  from  the  I6DS  tests.  This  pair 
(Nos.  16  and  17) ,  vhich  had  run  under  identical 
Icpad,  pressure  and  speed  conditions  as  for  the 
first  pair,  had  in  contrast  been  lubricated  with 
3.7g  of  BR2-S  lubricant  per  bearing,  and  the 
retainer  had,  as  previously  been  vacuum 
inpregnated  with  approximately  70  mg  of  base  oil. 

The  bearings  had  been  run  at  satisfactory  torgue 
levels  for  38,500  hours  (^>proxiiTately  four  and 
one  half  years  of  orbital  life)  and  the  test  was 
terminated  at  the  end  of  the  contractural  period. 


Physical  Examination  of  Bearings  16  and  17 


The  same  sequence  was  applied  to  this  bearing  pair 
as  described  above  for  the  first  pair. 


After  preliminary  low  power  examination  the  bear¬ 
ings  were  dismantled.  The  best  illustration  of 
the  a^ndition  of  the  running  surfaces  was  afforded 
by  tlie  periphery  camera  photographs  of  the  inner 
races,  and  retainers  vtiich  are  shown  in  Figures  5 
and  6 . 

1 

As  can  be  seen  from  these  photographs,  which 
coTprised  90^^  segments  of  each  bearing  oonponent, 
tlie  majority  of  the  BR2-S  lubricant  had  not  been 
directly  involved  in  the  bearing  lubrication. 


Figure  5.  Periphery  Photographs  of  Bearincj 
16,  Inner  Race  and  Retainer 


of  the  grease,  which  was  applied  mechanically 
to  tte  bearings,  had  remained  on  both  sides  of  the 
retainer  forming,  as  it  where,  an  extention  to  the 
retainer  vhich  surrounded  the  balls  alnost 
oorpletely. 


The  surface  of  the  balls  and  both  raceways  were 
OMted  with  a  thin  mchile  film  of  lubricant  vhich 
differed  markedly  from  the  opaque  grey  BR2-S  in 
that  it  was  a  li^t  red-brown  in  colour  and 
almost  transfxirant.  (These  effec-ts  will  not  be 
apparent  in  Uie  noiochrome  reprcxJucTtlons  of  tliis 
reprint,  but  show  clearly  in  the  colour  slides 
which  will  acoonpary  the  presentation) . 


Figure  6.  Periphery  Photographs  of  Bearing 
17,  Inner  and  Retainer 


F;jgui(‘  7.  IR  Bj«ctra  ol  Bearing  1,6 

I-.ubr leant  SajTif.)lcs:A  Uhusc^d 
B/C  Track  ]6  D/E  Track  11 
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High  power  microscopic  examination  of  of 

the  raceways  and  ball  surfaces, 

washed  free  of  lubricant  indicated  that  virtually 
no  wear  had  occurred.  There  was  evidence  h^^r 
Of  sate  wear  on  the  inner  race  reta^er  contact 
ing  land,  vdiich  had  been  worn  smoo^.  S®® 
transfer  of  retainer  material  was  found  in  tnis 
region  of  the  bearing  also. 

The  retainer  pockets  were  perfectly  lubricated 
by  a  tiiin  filw  of  tJie  'worked'  lubricant  descnxb 
ed  above.  No  wear  was  found  and  the  yisua 
evidence  indicated  a  low  friction  bal.l/ix3ckct 
contact  through  the  v^ole  of  the  test. 

6.2.  diemical  Analysis  of  the  Lubricant 

6  2  1  Infra-red  analysis.  As  before,  micro- 
s^les  were  collected  at  specific  sites  across 
the  bearing  raceways  and  tracks.  In  fact  six 
sanples  were  taken  per  'transit'  r^ee  on  the 
lands  and  three  in  the  raceway.  The  results 
obtained  are  shown  in  Figure  7,  which  is  a 
oorpasite  of  spectra,  coiparing  an  unused  grease 
(Curve  A)  with  worked  samples  frcan  a  single 
transit  of  the  inner  raceway. 


6.2.2.  Ntethvlation  gas  chronatography .  Further 
land  and  track  samples  were  collected  and  analysed 
as  before  by  microinsthylation  and  gas-chrcmato- 
graphy. 


It  should  be  enphasised  that  this  analytical 
technique  detects  and  iieasures  only  the  fatty 
acids  present  in  the  lubricants.  The  results, 
expressed  as  relative  abundancies  of  the 


Table  IV.  Relative  Abundancies  of  Fatty 
Acids  in  Bearings  16  and  17 
(High  Level  BR2-S) 


Relative  Abundance  (% 

Bearing 

Sanple 

Laurie 

Palm- 

Cl8* 

120  H 

No. 

Stic 

itic 

Stearic 

16 

2 

1.7 

3.9 

10.6 

24.2 

59.6 

16 

3 

1.2 

4.9 

12.3 

15.5 

66.0 

16 

4 

0.85 

3.0 

14.0 

32.9 

49.0 

16 

5 

1.25 

3.0 

U.4 

21.1 

61.1 

16 

6 

1.2 

2.7 

13.5 

28.5 

53.9 

17 

(2 

1.3 

3.8 

28.7 

59.4 

6.7) 

17 

3 

0.7 

2.8 

11.6 

25.7 

59.0 

17 

4 

0.5 

2.6 

10.6 

43.7 

9.2 

17 

5 

0.6 

2.8 

10.9 

48.3 

37.3 

17 

6 

0.2 

2.3 

8.4 

47.2 

41.8 

Unrun 

BR2-S 

Theory 

4.8 

8.7 

19.4 

15.8 

51.4 

As  msas 

1.6 

4.0 

13.0 

28.0 

53.0 

ured 

J _ 

*  Conbined  stearic  and  oleic  acids 


inportant  fatty  acids  are  collected,  together 
with  infomation  on  their  respective  site 
within  the  bearings  in  Table  IV  below. 


6.3.  Physical  Examination  of  Lubricant  Sarrples 

6.3.1.  Optical  microscopy.  As  described  above, 
the  active  lubricant,  that  is  the  relatively 
snail  portion  of  the  total  bearing  lubricant 
charge  which  had  been  use  during  the  test,  had 
a  totally  different  appearance  to  tot 
original.  Snv'ill  samples  were  taken  from  ^.fferent 
sites  witliin  the  bearings,  dispersed  gently  in  a 
transparent  medium,  and  viewed  by  transmission 
optical  microscopy. 

The  results  obtained  are  shown  in  Figures  8  an^9. 
In  Figure  8  a  sample  from  the  bearing  land  (virtu 
ally  unused)  and  in  Figure  9  a  high].y  worked 
sairple  from  the  centre  of  the  ball  track  in 


$,3.2.  Electron  micro-probe  analysis.  Samples 
of  active  lubricant,  similar  to  that  shown  in 
Figure  9  were  collected  from  the  retainer  ball 
pockets  and  the  tracks,  transferred  to  a  micro- 
probe  sample  holder  and  carbon  shadowed. 


Figure  8.  Unused  Lubricant: 
Bearing  16 


Figm^  9.  Used  Lubricant: 
Bearing  16 


MoS,.LOADED  GRnASRS  IN  ANTENNA  OESPI N  MECHANISMS 


The  x-ray  output  from  the  ball  Docketo.  t-K 

>K-S  ,.4.;  ^  „  iSl  xiaro^J.“' 

absorption  analysis  vras 

«e  toXS'iSiS"  ”* 

*■''•  agto  M<.,ipprte  An.1v.,.  „, 

g;  SS2“S  '=^ 

^SSlt’SS.Sli"  SLSiT”"" 


Figure  lO.  H-iPA  of  Bearing  16  Residues: 

A  retainer  B  trardc  C  unused  grease 


7.  DISCUSSION  ON  EXAfONATION  OP  llIQl 
LEVEL  BR2-S  LUBRICATED  BEAKINGB 

«  «» .ss  oT^'iSr^JT' 

.  E“  ” 

S?mI""S33‘  *"  ““  S/.-,“4Sia 

deoraH;:ifion  little  if  any  chemical 

aegradation.  Lonparison  of  curve  A  Ficnire  7  4-v.^ 

IR  spectruiii  of  unused  grease,  with  each  of  the 

Ss  «,af  twck  sables 

saniile  showed  the  siiai-p  band  at 

St™  ;  Virtually 

^  “^tant  r.ii]o  to  the  CH  defonnation  bond 

alongside.  Oarparison  of  these  four  spectra 
^  of  worked  liiliricant  with  the  ir  siirtrf^^  f  , 

■  ■  ss  iTi  Tr  5^r"a;:^i 

extent 'of  th  clearly  illustrates  the 

'  ^  first  ~Tr  occurred  in 

^cen^,«£^K  ^  bearings,  and  serves  to 

w^t^ih  remarkable  stability  achieved 

— ^  the  same_grgage  in  the  second  bearing  pair. 

S^larly  an  examination  of  the  ou^^nti 

IV^hows  ttarthf 

ii  Sf  sSioLf  f  °  unchSgS 

Th^e  was  a  greater  tendency  for  loss  of  12 
bearim  bo  be  apparent  in  the 

clo«e  °"^y  sample  (3)  was 

sl^oht^"  unused  level,  two  others  were 
reduced,  and  two  vrere  very  low  At 

s^les  was  sicjnificantly  greater  than  tha?  of 

wSanf l«ssible  that  the 
fSft  occurred  in  the 

albf'j  t  to  a"?  begun  to  be  apparent , 

ailx.it  to  a  lesser  extent,  in  bearing  17. 

ae  differences  in  lubricant  life  between  the 
minnmlly  lubricated  bearings  and  tt^eco^ 
pair,  appeared  to  be  related  solely  to  the 
presence  of  excess  grease  in  beariLrie  to  17 

teed  in  a  continuous  circulating  process  in 

^5  eSostd  S^ball/” 

d^wh^®  renli^^whS^it  hld^bl^^'*''®'' 

a  thin  film  of  lubricant  on  ball  and  track 
surfaces  was  "active"  during  the  test! 

continuous  exchange  between 
^is  "active"  lubricant  zone  and  the  1^1 

arffa  bhickener)  phase  withi^^e 

i,n  remain  a  subject  for 

to  the  rJha!i™  th™ 

would  help  to  exf)lain  the  remarkable  chcnucal 
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stability  esdiibited  by  this  grease  after  38,500 
hours  running,  since  by  a  process  of  cxxistant 
renewal  the  "ocxitact  tiire"  in  the  bearing  load 
zone  would  be  significantly  reduced  and  hence 
the  rate  of  chemical  degradation  would  also  be 
less. 

Ihe  examination  of  these  bearings  show^  very 
clearly  that,  notwithstanding  the  possibility  of 
oil  intejxhange  between  the  static  grease  anci 
the  active  working  lubricant  film,  there  was  no 
transfer  of  molybdenum  disulphide  frcm  the 
static  greasp  into  tlie  boll/track  load  reKjion. 
'Itio  ndcrograif^is  of  unused  c|re«isc  (figure  B) 
and  worked  lubricant.  (ITgure  9)  demons txa I t's 
clearly  tluit  tlie  orl<iln*il  piirtldes  of  niolylxl- 
enun  disulfhldo  iiad  been  considerably  rcducxxl 
in  size  by  the  rolling  action  of  the  balls,  and 
had  not  been  replaced  with  fresh  material 
during  the  life  of  the  test. 


8.  EXAMINATION  OF  THIRD  BEARING  PAIR, 
NWBERS  11  AND  14 

This  pair  of  bearings  had  also  been  lubricated 
with  an  excess  of  molybdenuna  disulphide  loaded 
grease,  but  instead  of  the  BR2-S  used  in  the 
previous  two  bearing  pairs,  Molykote  LT-2  was 
applied. 

The  lubricant  charge  was  3.66g  of  grease  per 
bearing,  and  as  before  the  retainers  had  been 
vacuum  inpregnated,  prior  to  assettbly  with 
approximately  5Qn:ig  of  base  oil- 

The  bearings  had  conpleted  some  50,000  hours  of 
test  under  vacuum  in  lEDL  rig  no.  4.  This  test, 
equivalent  to  5.7  years  of  orbital  life  was  a 
hi^iy  satisfactory  demonstration  of  lubricant 
and  bearing  durability. 


9.  EXAMINATION  OF  BEARINGS 

•nus  followed  exactly  the  same  sequence  as  that 
described  for  the  previous  bearing  pairs  except 
for  the  addition  of  the  atonic  absorption  neasure- 
nent  of  lead  In  the  lubricant  and  thei  electron- 
ndcroprobe  analysis  of  heavy  metals  in  the  lubri¬ 
cant  residues  in  the  bearing  raceways . 

Optical  Microscopy  and  Microphotograp^ 

The  condition  of  the  raceways  and  the  lubricant 
condition  and  distribution  within  the  bearings 
are  best  surtmarised  by  the  periphery  photograp^ 
of  segnents  of  the  inner  races  and  retainers  of 
the  two  bearings,  vdiich  are  shown  in  Figures  11 
and  12. 

As  in  the  high-level  BR2-S  lubricated  pair  the 
bearings  showed  the  large  excesses  of  greases 
adhering  to  the  retainer  and  surrounding  the 
balls.  The  ball  surfaces  and  the  tracks  were 
evenly  coated  witli  a  fluid  film  which  was  red/ 
brewn  in  colour  . 

The  contacting  land  of  the  inner  raceway  was 
liberally  coated  with  a  thin  film  of  transparent 
oil,  apparently  transferred  from  the  retainer. 


Figure  11-  Periphery  Photographs 
of  Bearing  11 


Figure  12.  Periphery  Photographs 
of  Bearing  14 


9.2.  Transmission  Microscopic  Examination  of 
Lubricant  Samples 

Small  samples  taken  from  the  lands  and  across  the 
racev^ays  of  the  bearings  showed  the  same  varia¬ 
tions  as  those  described  in  the  previous  bearing 
pair.  The  'unused'  grease  of  the  lands  was 
identical  with  fresh  sairples  of  the  grease,  iy:oS2 
particles  ranging  in  size  from  1  to  50  |jm  were 
visible  together  with  the  brightly  birefringent 
particles  of  lithium  soap. 

A  corresponding  sample  frem  the  centre  of  the 
hall  track  was  quite  different,  very  few  recog¬ 
nizable  M0S2  particles  were  detected,  but  the 
lithium  soap  particles  remained  at  a  readily 
detectable  level. 

9.3.  l^cro  Infra-Red  Spectroscopy 

Selected,  low  volume  samples  taken  from  charact¬ 
eristic  sites  in  tlie  bearings  were  analysed  by 
IR  spectroscopy  and  the  results  obtained  are 
shown  in  Figure  13  in  cemparison  with  two 
spectra  of  unused  LT-2  grease. 
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Figure  14 .  E>PA  of  Bearing 
Surface  (Rinsed) 

10.  DISCUSSION  OF  RESULTS  FROM  EXAMINATION  OF 
BEARINGS  11  AND  14 


This  examination  showed  that  a  virtually  identi- 
cal  lubrication  nechanism  had  operated  in  this 
pair  of  bearings  as  that  found  in  the  other  tugh 
level  Uibrioiint  fiair,  nos.  L6  cmd  17. 

The  sane  static  distribution  of  Uie  nvnjority  of 
the  grease  was  found,  surrounding  the  balls,  and 
apparently  acting  as  a  lubricant  rese^oir, 
itaintaining  a  good  fluid  film  to  the  ball/race- 
way  contact. 

One  slicht  difference  was  found  in  conparison 
with  tlie  BR2-S  Ivlaricated  pair,  in  tliat  tlie  .ictive 
lubricant  in  the  LT-2  lubricated  bearings  was  low 
in  litliium  soap  thickening  agent  and  appeared  to 
consist  of  a  high  proportion  of  free  base  oil. 

Verv  little  evidence  was  found  in  this  pair  of 
bearings  for  transfer  of  particulate  nolyMenum 
disulphide  from  the  static  lubricant  in  the 
working  regions  of  the  bearing.  Electron  mcro- 
prebe  analysis  of  worked  samples  of  the  lubricant 
canfimed  that  both  itDlihdenum  and  sulphur  ^te 
present,  but  the  characteristic  lamellar  particles 
of  rtJSo  were  not  detectable  optically.  It  is 
concluded  that  the  ttoS2  present  originally  m  the 
working  regions  of  the  bearings  was  , 

size  by  the  grinding  actions  of  the  balls,  until 
the  average  particle  size  was  less  than  ^e 
resolving  power  of  tire  ligirt  microscope-  (<  liim)  . 

Atomic  absorption  analysis  of  -  BR2-S  mtc)  LT-2 

greases  confinted  tlrat  tliey  botlr  contained  lead 
at  approxirrately  1%. 

However,  electron  niicroprdoe  analysis  of  ball 
tracks  failed  to  show  any  evidence  of  preferential 
deposition  of  any  of  the  elaients  lead,  inolybden- 
um^r  sulphur.  It  is  possible  that  tte 
oTployed  was  not  sufficiently  sensitive,  or  that 
^  geoTEtry  of  the  analyser  prevented  the  detert- 
■  or  "seeing"  the  X-ray  output  from  the  lowest  part 
of  the  raceway  groove. 


11  GENERAL  DISCUSSION  OF  THE  RESULTS  OF 

LUBRICANT  ANALYSIS  OF  THE  THREE  BEARING 
PAIRS 

It  must  be  concluded  that  the  failure  of  the 
first  pair  of  bearings  which  resulted  in  seyere 
lubricant  degradation  and  a  resultant  rise  m 
running  torque,  was  due  sinply  to  an  inad^uate 
level  of  lubricant  in  the  bearing.  Tins 
level  (100  mg  of  grease  per  bearing)  meant  tii 


virtually  all  of  the  lubricant  charge  was  in 
constant  contact  witli  the  running  surfaces  of 
the  bearing.  Consequently  lubricant  degradation 
was  relatively  rapid,  and  was  in  an  advanced 
stage  after  1300  hours. 

The  contrast,  both  in  performance  and  the  condi¬ 
tion  of  the  lubricant  between  the  low  level 
grease  pair,  and  the  bearings  with  high  levels 
of  grease,  was  very  marked. 

In  both  the  high  level  BR2-S  lubricated  and  LT-2 
lubricated  bearings,  the  excess  grease  appeared 
to  have  acted  as  an  effective  lubricant  reservoir , 
maintaining  a  near  perfect  level  of  fluid  lubri¬ 
cant  to  the  active  sites  in  the  bearings.  Very 
little  evidence  was  found  of  lubricant  degrada¬ 
tion  and  this  technique  would  appear  to  offer 
a  cheap  and  easily  applied  ntethod  for  the 
lubrication  of  space  mschanisms. 

There  remains  however  the  question  of  the  role 
of  the  molybdenuir^  disulphide  in  both  the  test 
greases . 

In  his  review  of  molybdenum  disulphide  Iribrica— 
tion  (  5  )  Professor  T.xinsdawn  reports  very 
little  on  tJ^e  use  of  tliis  additive  in  rolling 
elenent  lubric^ints. 

If  one  takes  the  normally  accepted  view  that  the 
M0S2  acts  as  a  solid  lubricant  by  virtue  of  its 
iow  basic  plane  shear ,  and  that  effective  dry 
"(and  lubricated)  sliding  has  been  achieved  by 
buf fed-on  films  of  the  sulphide,  then  the  pres¬ 
ence  of  this  rroterial  in  the  test  lubricants 
could  be  seen  as  the  intentional  addition  of  a 
'back  up'  lubricant.  If  this  were  the  case, 
then  sonB  evidence  of  siirface  deposition  in 
areas  of  high  load  in  the  bearings  could  have 
reasonably  been  es^^ected. 

In  none  of  the  six  bearings  examined  was  there 
any  evidence  of  this  effect.  Furthermore  there 
was  no  renewal  of  MDS2  in  the  active  lubricant 
of  the  bearing,  and  the  material  present 
initially  in  this  'working'  lubricant  was 
reduced  in  particle  size  such  that  it  was  below 
the  resolution  limit  of  the  microscope.  Since 
a  reduction  in  average  particle  size  increases 
the  proportion  of  edge  (non  001  plane)  surface 
of  the  M0S2  its  effectiveness  as  a  lamellar 
'lubricant  would  also  be  reduced. 

From  tlie  results  of  our  investigation  of  the 
six  bearings  descriJDed,  it  appears  that  the  ^toS2 
did  not  contribute  significantly  to  the  results 
achieved .  , 
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Figure  13. 


mcro  IR  of  Bearings  11  and  14: 

A  bearing  11  outer,  b  track  14 
iriner:  C  free  oil  bearing  11 
retainer:  D  purrp  end  oil  Reservoir: 
E  ^used  grease  fron  retainer  11 
F  land  of  11  outer 


All  the  sairples  exan\lned  showed  a  consisitenl 
pattern;  the  unused  grease  fron  a  non-active 
part  of  the  bearing  shewed  the  normal  distri¬ 
bution  of  band  intensities  for  the  thickcninci 
ag^t  and  the  base  oil.  All  sanples  from  active 
sites,  e.g.  track,  inner  retainer  contacting  land 
inner  surface  of  retainer  etc.,  showed  a  consid¬ 
erable  reduction  in  soap  intensity  relative  to 
the  hydrocarbon  band  at  1460  and  1380  cm” 
ms  was  a  clear  indication  of  a  high  concentra- 
tion  of  free  base  oil  in  the  active  lubricant  of 
the  bearing. 


9.4.  Methylation  Gas  Chrarratoq 


As  described  above  this  analytical  technique 
allows  the  fatty  acid  distribution  of  micro- 
sajiples  from  the  bearing  to  be  determined,  and 
hence  the  relative  contribution  of  various 
lubricant  corrponents  at  a  given  site  can  be 
estimated.  The  results  obtained  by  this  method, 
and  shown  in  Table  V  confirmed  the  dilution 
effect  shown  in  the  micro  IR  analysis. 

9.5.  Atomic  Absorption  Analysis 

EMPA  analysis  of  bearing  residues  fron  both 
bearings  11  ^^nd  14  shewed  the  presence  of  lead, 
as  was  reix^rted  frcin  a  similar  analysis  of 
bearings  16  and  17  {BI^-S  grease)  . 

To  est:ablisl\  finally  tlie  source  of  this  el(:nic'nL, 
frt'sli  s<mples  of  both  and  DI^-.S  greas(' 

were  ashed  dc^wn  repeatedly  wiliv  conc:entralcKi 
nitric  acid  imd  resulting  solution  dliuted 
and  analysed  by  atomic  absorption.  The  results 
are  shown  in  Table  \T. 


Electron  flicroprobe  Analysis  of  Bearing 
Surfaces  '  - - ^ 

The  lubricant  layer  was  removed  from  the  outer 
race  of  bearing  eleven  by  solvent  washing  and  a 
transverse  section  was  then  prepared.  This  was 
nraunted  in  the  analyser  such  that  the  electron 
beam  iitpinged  normal  to  the  ball  track.  Elenent 
scans  were  then  made  across  the  track  but  no 
elements  otlier  idian  the  constituents  of  the 
bearincf  nnic'rial  were  found,  tolybdenurn  sulphur 
and  load  wtu-(-  searched  for  at  hiqh  sejis.i  ti  vi  ty 
but  none  was  found.  'Ihc^  VM^A  output  in  sIkwu 
in  Ficjure  14. 


TVU)lo  V.  I', Illy  Acid  DititrJbuti 
Cniin  Hearing!; 


cm  in  Hivuing 
i  11  .ind  14 


Bearing  and 


i^ilative  Abundance 


Sanple  Site 

1 — 1 
u 

c 

18:1 

he 

12  011 
Stearic 

Bearing  11 
Inner 

land 

8.5 

35.6 

8.4 

47.5 

track 

8.7 

34.5 

16.2 

40.6 

land 

7.2 

14.7 

16.7 

61.8 

Bearing  14 

land 

16.8  1 

I  37.5  j 

1  23.1 

1  18.6 

track 

9.3 

17.0 

18.7 

55.0 

land 

6.2 

9.3 

15.4 

69.1 

land 

6.7 

8.7 

14.0 

70.6 

Unused  LT-2 
Grease 

2.6 

17.5 

14.2 

65.7 

LT-2  base-oil 
extracted 

18.0 

73.2 

8 

Table  VI.  Atonic  Absorption  Determination  of 
Lead  in  Grease  Samples 


SAMPLE 

NO. 

%  LEAD 

MEAN  RESULT 

LT-2  BASE  OIL 

1 

0.0014 

0.001%  Pb. 

2 

0.0013 

3 

0.0012 

LT-2  GREASE 

1 

1.02 

1.01%  Pb. 

2 

0.96 

3 

1.06 

BR2-S  GRI  ASI-: 

1 

0.78 

0.79%  Pb. 

2 

0.77 

3 

0.81 

LT-2  GRl'ASI'; 
THEORY 

1.2%  J>b 
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DISOJBSICN 


(Marconi  Space  &  Defence  Systene) 

IHSiSSE- 

oonditions,  they  oertoinly  do 
honeyconb  and  they  may  not  te 

9^ing  to  interact  with  your  oolleaai¥=‘e; 
engaged  in  the  saite  kind  of 

Of 'thes:"'^"  ^ 

tf*  Chanteranne: 

The  gtnup  in  which  I  am  wovkina  and  fh^ 
laboratory  that  studied  i-he  u  ^3  and  the 

now  integrated.  1  th^  latT" 

Intelsat-S  and  the  e^erifnce  ZthlTT''" 
antenna  should  be  sMred  ^  ^ 


J-lr  •  Diploi:y  : 

T  ^^"9  (^e  manufacture  of  the  Marot«; 

teS  ^  years  ago,  the  hJSretric 

Kf'i'Ss'r' 

nearl^Sol  ?  requires  a  hygroretry  of 


R.  floss  (Ford  Aerospace)  ; 

®^i<3ent  that  low  loadims  of 
^ase  gave  a  starved  bearing,  and  about  3*! 
graro  gave  acceptable  lifetimes,  would  you  be 
c^r^le  with  any  reduction  in  grease  loading 

“nt  on  the 

increasing  the  projortion  of  oil 

B*  IL  Baxter: 

nd\-  be  my  choice,  I  can  only  offer 

adv^ce.  I  thv^,  if  the  level  chosen  of  J>out 
^  gram  was  found  satisfactory,  for  all  other 
constderaUans  that  should  be  left  as  it  was 

the  starved  condvtton  and  we  know  that  from  a 

tffdft^  uor?:wg'  in  a  starved 

oondtUon  means  rapvd  oil  decomposition.  If  you 
^°okxn  the  printed  paper,  you  will  see  that  for 

the  3.7?  gram  of  ims 
..hawed  rn  some  places  slight  loss  of  thicken¬ 
ing  agent  after  30  000  hours.  With  the  sliqhtlu 

thZTZ'^  and  the  same  Xfrge 

000  hours.  So,  I 
think,  that  this  is  gust  about  the  right  charqe 

ahosen,  but  I  think 

T't  a  good  jigure. 


R.  floss  : 

==<-  •  1°  evidence  that  the  loading  does 

sat^^  and  anything  less  than  that  would  be 


B*  H.  Baxter: 

yes,  it  would  he. 


H.E.  Hintermann  (LSRH)  : 

what  kind°^  C^eposition, 

wiat  kind  of  gases,  v^iafe  tenperature  anr^ 
pressure  do  you  use?  '  P^^^ture  and 


d.  J.  Choury: 

van  sm/Z^ZT'n  Proprietary.  All  that  ] 
y  Inat  we  use  an  isothermal  process 
lery  light  hydrocarbon,  cenerallu  natural 

Z’aZ‘:Tfofyrr 


preceding 


'■age  bunk  not  filmeo 
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Stevenage ,  England 

ESA/ESTEC, 

Zwarteweg  62 
Noordwijk,  Netherlands 

SAAB-SCANIA  AB, 

Pack,  S-58188  Linkoping,  Sweden 

FORD  AEROSPACE  &  COMMUNICATIONS  CORP. 

3939  Fabian  Way 

Palo  Alto,  CA  94303,  USA 

ESA/ESTEC, 

Zwarteweg  62 
Noordwijk,  Netherlands 


323 

I  *> 


S.H.  NBGRE  (MRS) 

ESA/ESTE3C,  ' 

B,  SERENE 

ESA, 

D.T,  NEWELL 

Zwarteweg  62 

Noordwijk,  Netherlands 

18,  av.  E.  Belin 

31055  Toulouse,  France 

BOARD, 

223  Old  Marylebone  Road 

H.  SBUBERT 

esa/estec, 

i  D.A.  NUIT 

Lc^on  NWS  ITH,  England  i 

Zwarteweg  62 

Noordwijk,  Netherlands 

ESA/ESroc, 

Zwarteweg  62 

I.  SIMMERMAN  (MRS) 

ESA/ESTBC, 

Noordwijk,  Netherlands 

Zwarteweg  62, 

S.  COTAKEUYLI 

EMD, 

Noordwijk,  Netherlands 

55  ^ai  Carnot 

J.  SOUFFRIEAU 

EMERSON  &  CUMING, 

92214  St.  Cloud,  Francse 

Nijverheidsstraat  24 

A.  PAHiLOUS 

CERT, 

2431  Oevel,  Belgium 

2,  av.  E.  Belin 

H.D.  STENZENHERGER 

TiniNOCHEMIE  GMBH, 

31055  Itoulouse,  France 

Gutenbergs tr.  2,  Postfach  40 

D.C.  PA3KL 

ESA/ESTBC, 

6901  Dossenhelm,  Germany  ' 

N.H.  PENNINGS 

Zwarteweg  62  ' 

NCxjrdwijk,  Netherlands 

B.  SCHWARZ 

ERNO, 

Huenefeldstr.  1-5 

2800  Bremen  1 ,  Germany 

PQKKER-VFW, 

P.O.  Box  7600 

Schlphol-Oost,  Netherlands 

B.  TATRY 

A.  PEVRAUD 

CNES, 

18,  av.  E.  Belin 

31055  Toulouse,  France 

MATRA, 

G.  PHE24AT 

37,  av.  L.  Breguet 

78140  VSlizy,  France 

R.C.  TENNYSON 

UNIVERSITY  CF  TORONTO, 

4925  Dufferin  St. 

Downsview,  Toronto  M3H  5T6,  Canada 

ESA/ESTBC, 

Zwarteweg  62 

Noordwijk,  Netherlands 

R.  THCMAS 

L.  PRBUSS 

ESA/ESTBC, 

Zwarteweg  62 

Noordwijk,  Netherlands 

MBB, 

J.  REDOY 

Postfach  801169 

8000  Muenchen  80,  Genrany 

M.  TRELLA 

ESA/ESTBC, 

Zwarteweg  62 

Noordwijk,  Netherlands 

ESA/ESTBC, 

A.  REMGNDIERE 

Zwarteweg  62 

Noordtfijk,  Netherlands 

M.  TUNBRIDGE 

esa/estec, 

Zwarteweg  62 

CNES, 

Noordwijk,  Netherlands 

18,  av.  E.  Belin 

31055  Ibulouse,  France 

M.  URBAIN 

SNIAS, 

B.P.  No.  52 

M.  KEY 

SNIAS, 

B.P.  No.  52 

M.  VERAIN 

06322  Cannes  La  Bocca,  France 

M.L.  REYNOLDS 

06322  Cannes  La  Bocca ,  France 

ESA/ESTBC, 

Zwarteweg  62 

ESA, 

Noordwijk,  Netherlands 

18,  av.  E.  Belin 

31055  Toulouse,  France 

D.  VERDIN 

UNITED  KINGDOM  ATOMIC  ENERGY 
AUTHORITY  HARWELL, 

H.B.  ROUWS 

PQKKER-Vn^, 

Oxfordshire  0X11  ORA,  England 

P.O.  Box  7600 

Schiphol-Oost ,  Netherlands 

A.  VAN  'T  ZAND 

POKKER-VFW, 

P.O.  Box  7600 

J.  SAGE 

BADG, 

Schiphol-Oost ,  Netherlands 

P.B.  181,  Six  Hills  Way 

Stevenage,  England 

A.  ZWAAL 

ESA/ESTBC, 

Zwarteweg  62 

W.  SCHAEFER 

MBB, 

Postfach  801169 

8000  Muenchen  80,  Germany 

Noordwijk,  Netherlands 

H.P.  SCHMIDT 

DFVLR, 

5000  Koeln  90 

Linder  Hoehe,  Genreny 

H.G.  SCHROEDER 

DORNIER, 

Postfach  1360  ' 

7990  Friedrichshafen,  Germany  *. 

J.  SCHIJFE 

DELFT  UNIVERSITY, 

Kluyverweg  1 

2629  HS  Delft,  Netherlands  , 

nasa/ooddard  space  FLiair  ctmer, 

Greenbelt,  MD  20771,  USA  •/; 

P.  SEIDL  ,  IPW, 

Hei(fenhofstr»  8 
7800  Freiburg,  Germany 


